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ABSTRACT 
Live-Load Testing and Finite-Element Analysis of a Steel Cantilevered Deck Arched 
Pratt Truss Bridge for the Long-Term Bridge Performance Program 
by 
Matthew P. Laurendeau, Master of Science 
Utah State University, 2011 
Major Professor: Dr. Paul J. Barr 
Department: Civil and Environmental Engineering 
 The Long Term Bridge Performance (LTBP) program is an organization 
within the Federal Highway Administration that inspects, tests, analyzes, and 
observes, for an extended period of time, a variety of bridge types throughout the 
United States.  Part of the program includes periodic testing of select bridges of a 
span of 20 years.  The Kettle River Bridge located outside of Sandstone, Minnesota 
was selected for study due to its unique design.  
The Kettle River Bridge is a historical steel cantilevered deck arched Pratt 
truss bridge.  The bridge was instrumented with 151 strain gauges on various floor 
and truss members along with eight displacement gauges strategically placed along 
the truss.  All gauges were read simultaneously as the bridge underwent non-
destructive live loading.  The recorded gauge readings were analyzed to determine 
bridge behavior and then used in the assistance of calibrating a working finite-
element model. 
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 After a working model was verified the distribution factors for the interior 
and exterior floor stringers were determined.  By using the controlling distribution 
factor, a load rating for the bridge was determined for both inventory and operating.  
The distribution factors and load ratings determined using the working finite-
element model were then compared to the AAHSTO LRFD specifications.  
(180 pages) 
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CHAPTER 1 
INTRODUCTION 
Introduction 
The United States Department of Transportation Federal Highway 
Administration has within its organization a department of research and technology 
(FHWA 2010).  The purpose of the research and technology division is to 
coordinate, develop, and deliver highway transportation innovations.  In order to 
better understand bridge behavior in a variety of bridge designs the Long-Term 
Bridge Performance (LTBP) program was initiated in 2009 and intended to observe 
selected bridges over a designated length of time.   
Goals of the LTBP program are to better understand the underlying 
principles that affect the performance of different styles of bridges.  By 
understanding these principles the management of bridge infrastructures can be 
improved, thus minimizing life-cycle costs.  In order to accomplish these goals a 
large amount of initial high quality data is required.  Data collected under this 
program includes routine detailed visual inspections and periodic testing, including 
live load and dynamic.  Based on the results of the initial testing, long-term 
instrumentation will be installed to monitor environmental condition, changes in 
strain and mode frequencies, and traffic. 
Seven pilot bridges were chosen to refine protocols for the long-term 
program.  The first of the seven pilot bridges was tested and inspected in September 
of 2009.  The seven bridges being studied as part of the pilot program are located in 
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California, Florida, Minnesota, New Jersey, New York, Utah, and Virginia.  Each of the 
seven bridges is representative of various types of bridge superstructures 
throughout the United States.   
In order to evaluate the performance of the various bridge types, an 
extensive initial investigation was performed including live-load and dynamic 
testing through, visual inspection, NDT (non-destructive testing) and NDE (non-
destructive evaluation) of the bridge deck along with physical sampling of the 
bridge deck.  The initial testing of these seven pilot bridges will establish a base line 
condition state for the observation of changes in performance and behavior of each 
pilot bridge for future studies.  Each bridge will be equipped with a long-term 
instrumentation package which will continuously relay real-time data to 
researchers so that environmental and long term loading impacts can be observed.  
This study focuses on the live-load testing of the pilot bridge located in 
Sandstone, Minnesota known as the Kettle River Bridge.  For the dynamic analysis of 
the Kettle River Bridge refer to Santos (2011).  The Kettle River Bridge is a steel 
cantilevered deck arched Pratt truss bridge.  After measured results were gathered 
from field testing a finite-element model was created and modified to match the 
same behavior the actual bridge showed during testing. 
The Kettle River Bridge became of key interest for long-term monitoring due 
to its unique design.  The Kettle River Bridge, though smaller, has the same design as 
the I-35W Bridge that spanned over the Mississippi River in Minneapolis, MN.  In 
2007 the I-35W Bride experienced a catastrophic failure resulting in loss of life.  
Analysis conducted after the collapse by Hao (2010) suggested that gusset plates 
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were undersized due to the use of too simple of a design procedure.  It has been 
determined by the FHWA that structures such as the I-35W Bridge and the Kettle 
River Bridge require a more detailed analysis and evaluation of load ratings. 
The use of finite-element modeling to conduct analysis on existing bridges 
and design of new ones is becoming a more popular practice as computing power 
becomes more available.  In various studies, finite-element models have been create 
of various bridge structures to predict the bridges behavior and also to determine 
the bridges distribution factors and load ratings. 
Typically researchers such as Mabsout et al. (1997) and Bowen (2003) use 
finite models of steel truss bridges from design drawings to determine the accuracy 
of a bridge’s load distribution and/or load ratings as compared to the American 
Association of State Highway and Transportation Officials (AASHTO) specifications.  
After load ratings are determined through finite-element modeling, researchers like 
Bowen (2003) conduct live load testing to verify that the finite-element model’s 
predictions were accurate.  
 The use of live load testing has also been a means to evaluating a bridge’s 
load rating.  Boothby and Craig (1997) and Mabsout et al. (1997) conducted a series 
of tests on steel truss bridges to determine the distribution of load and load factors 
of each bridge.   
In both a finite-element analysis and live load testing analysis it was found 
that the AASHTO specifications were conservative.  Conducting these types of 
analysis can save bridge owners money that may have been spent on modifications 
to increase the capacity of the bridge. 
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Other researchers have conducted live load tests on a bridge and used the 
measured results to create a working model that behaves like the actual bridge.  
Trautner (1989) helped pave the way in finite-element modeling by evaluating 
which modeling elements most closely replicate a bridge member behavior.  
 Yost et al. (2005) explains that a more accurate approach to evaluating a 
bridges capacity and load ratings is by using a calibrated finite-element model.  
Calibrated models are obtained by finely adjusting individual finite-element 
variables until the actual measured behavior of the structure is replicated by the 
finite-element model.  A calibrated model allows an engineer to accurately 
determine a bridges behavior, resulting in more accurate distribution factors and 
load rating. 
Multiple studies have been conducted to create a calibrated finite-element 
working model that would replicate full-scale bridge behavior.  Other studies have 
used finite element modeling on various truss bridges to determine girder 
distribution and load ratings.  However, none of these studies, to the best of the 
author’s knowledge, have been conducted on a cantilevered deck arched Pratt truss 
bridge. 
Live load field testing was conducted on the Kettle River Bridge in July of 
2010.  Data collection included strain readings of floor system and truss members 
along with displacements at specific panel points.  The measured data recorded 
from testing was used to finely calibrate a finite-element model until it closely 
represented the bridges behavior under any load condition. 
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After the model was found to behave in the same manner as the actual bridge 
it was used to determine the bridges controlling distribution factor and load ratings 
of the bridge’s deck system.  It was found that the AASHTO LRFD specifications were 
conservative compared to the controlling interior and exterior girder’s finite-
element distribution factors.   
Organization 
The organization of this thesis is as follows: 
Chapter 2. Chapter 2 presents a summary of research that has been done in 
the field of live-load testing and finite-element modeling of 
various bridge structures. 
Chapter 3. Chapter 3 describes the dimensions and properties of the Kettle 
River Bridge.   It also gives a description of the live-load testing 
conducted, including gauge configurations on various bridge 
members, truck load paths and load trucks used during testing.  
After the live-load testing set-up and procedure, the chapter 
further goes on to present the measured results of both strain and 
displacements obtained from testing.  Analysis of measured 
results describes how various members behaved under various 
load conditions.  An analysis from a high-speed dynamic test was 
also conducted to find the effects that impact loading had on 
various bridge members. 
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Chapter 4. Chapter 4 presents a detailed description of the finite-element 
model used to predict the behavior of the Kettle River Bridge 
along with adjustments done to match measured data.  The 
chapter then makes comparisons of finite-element data to 
measured data along with correlation plots to verify how 
accurately the model was predicting measured results.  After the 
model was validated to be making accurate predictions of bridge 
behavior comparisons to the AASHTO specification were made.  
The distribution factor and load ratings for the bridge’s deck 
system produced from the calibrated model were compared to 
values that the code would have provided given the bridge 
specifications.  The chapter concludes with the deck system’s load 
rating comparison between code and finite-element values. 
Chapter 5. Chapter 5 is a summary of the thesis content along with several 
conclusions made about important bridge behavior and 
predictions of the Kettle River Bridge. 
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CHAPTER 2 
LITERATURE REVIEW 
Introduction 
Bridge structures have been used by every civilization to span natural 
obstacles and allow for the transportation of people and goods.  Bridges come in 
many different shapes, sizes and styles but all have issues that require monitoring, 
inspection and maintenance.  According to Better Bridges 2010 Bridge Inventory 
(Barbaccia 2010) the United States had 600,513 total bridges in the national 
inventory.  Of these, 139,620 or 23.3% of them were considered to be structurally 
deficient or functionally obsolete.  Bridges are considered to be structurally 
deficient when load-carrying elements are in poor conditions or unable to support 
large loads due to bridge properties, damage or deterioration; and bridges are 
classified as functionally obsolete when they no longer meet code requirements.  
Due to the large number of structurally deficient and functionally obsolete 
bridge within the nation’s inventory it is important that the nation’s bridge 
infrastructure be given careful attention in order to prevent further deterioration or 
loss of life.  Many bridges have load factor ratings which limit the amount of load 
that a bridge can experience.  A large amount of money and resources could be used 
to create a higher capacity to meet the growing traffic demands.  However, many 
bridges simply have very conservative load factor ratings based off of ASSHTO 
specifications. 
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An economical approach to evaluating the state of a bridge and increase its 
load factor is through finite-element modeling and live load testing.  Research has 
shown these methods to be a very effective approach of analysis and have verified 
the need for a more in depth evaluation of certain bridge types. 
Hao (2010) 
 On August 1, 2007 the interstate highway bridge on I-35W spanning the 
Mississippi River in Minneapolis, Minnesota experienced a sudden catastrophic 
failure.  The bridge was designed in 1964 and opened to traffic in 1967.  The bridge 
was a steel cantilever deck arched Pratt truss bridge.  Investigations revealed that 
the failure was due to an undersized gusset plate along the top chord of the center 
span truss.  In order to further investigate and accurately predict the reason for the 
collapse of the bridge, a three-dimensional finite-element model was created using 
the bridges physical properties and dimensions as specified in design drawings.  
Loads placed on the deck of the finite-element model represented the construction 
and vehicle load locations on the bridge when failure occurred.   
Because investigations being made were of the gusset plate failure, only truss 
system behavior was evaluated.  The finite-element model predicted the flow of 
loads through the various truss members.  It was found that the stress levels in the 
diagonal and lower chord members were generally higher than in the upper chord 
members. 
 Due to the analysis techniques at the time of design it was believed that the 
original design of the bridge took into account only one-dimensional influence-line 
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models to estimate stresses, in which the entire bridge was modeled as a single 
continuous three span beam.  One-dimensional models only give estimates of the 
stresses in the upper and lower chords and are generally unable to predict the flow 
of forces in diagonal members.  The one-dimensional analysis showed the 
magnitude of moment in the region of gusset failure to be essentially zero.  
Assuming that the moments were essentially zero at locations along the length of 
the bridge may be a reason for the undersized gusset plates at the same 
corresponding locations.  The three-dimensional finite-element model, created post-
collapse, predicted just the opposite predictions with the highest diagonal forces 
occurring in the same region as zero moments predicted from the one-dimensional 
model.  Due to these higher diagonal member forces the gusset plates should have 
been sized larger to avoid failure. 
 The added knowledge that the three-dimensional model provided about 
truss behavior is one reason that a more in depth analysis was needed.  The FHWA 
indicates that a more detailed analysis is necessary for design and rating of these 
kinds of steel bridges.  These major and complex bridges require an independent 
quality assurance and inspection in order to assure the design and load ratings are 
adequately addressed. 
Trautner (1989) 
 The research conducted by Trautner (1989) evaluated the reliability in 
predicting truss bridge behavior using a variety of different modeling techniques.  A 
one span 8 panel Pratt truss bridge was used for experimentation and comparison.  
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The floor system was composed of steel floor beams and stringers with a concrete 
deck.  All steel connections were a riveted gusset plate connection. 
 Four finite-element models were created and evaluated to determine which 
model would produce the most accurate predictions.  Two two-dimensional models 
were created of the truss system.  One of the two-dimensional models was created 
using only truss elements, which would only transmit axial loads. The other model 
was created using a mixture of truss elements and beam elements, the beam 
elements were used because of an assumption that some truss members will 
experience bending.  Two three-dimensional models were also created.  One of the 
three-dimensional models was composed of both truss systems and cross bracing 
using a mixture of truss and beam elements.  The second model was the same as the 
first three-dimensional model with the addition of the floor system. 
 Upon analysis of the four model’s accuracy to predict measured results, it 
was determined that a three-dimensional model was needed to account for any 
eccentric loading.  It was also found that the floor system did contribute to the 
overall behavior of the truss system.  The reliability of the four models indicate that 
the three-dimensional model with deck and stringer interaction coupled with 
eccentric live load can reduce the truss system’s reserve that would otherwise be 
predicted from two-dimensional modeling.  For this reason it is important to take 
into account three-dimensional modeling of the complete bridge in order to insure 
accurate behavior predictions. 
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Boothby and Craig (1997) 
 An economic way to manage the inventory of aging bridges and avoid 
unnecessary spending is through diagnostic testing.  The emphasis in this study was 
to test the accuracy of calculated load ratings from AASHTO specifications for a truss 
bridge as compared to load ratings calculated from measured results.  If a load 
increase in the bridge’s load rating can be proved through diagnostic studies the 
bridge would not have to undergo alterations to increase the capacity.   
The bridge of study was a historic single-span steel pony truss bridge which 
serviced a few residential homes.  The bridge’s floor system consisted of steel floor 
beams spanning between truss systems with steel floor stringers spanning between 
each beam with a glued-laminated treated timber deck.  The original load rating for 
the truss bridge would not allow large emergency vehicles access to the serviced 
homes, therefore an increased load rating was required.  
 Live loading was conducted on the bridge by backing a series of different 
truck weights to the center of bridge and then back off the bridge.  After measured 
results were analyzed the bridge was found to have a moderate distribution of load 
among floor stringers under the truck load.  
Another observation found from the load testing was that the critical 
elements in the bridge were the steel members comprising the floor system.  The 
critical members were determined by the large amounts of strain measured in the 
floor beams and stringers as compared to the truss members.  Because the floor 
system was identified as the controlling factor it was used to find the load factor for 
the bridge.  Measured data was analyzed and indicated that the original load rating 
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that had been assigned to the bridge using the AASHTO specifications were slightly 
conservative and a higher load rating could be applied to the bridge.  The higher 
load rating found through live load testing showed that the bridge had more 
capacity than original design specifications calculated, this saved money that would 
have otherwise been spent on modifications to increase the capacity of the bridge. 
Mabsout et al. (1997) 
 The American Association of State Highway and Transportation Officials 
(AASHTO) standard specifications for highway bridges contain simple procedures to 
analyze and design highway bridges.  The load distribution factor is a key element in 
the analysis of existing bridges and the design of new ones.  The typical AASHTO 
LFD procedure used to calculate the maximum bending moment was based on a 
single line of wheel loads from a HS20 design truck or lane loading.  The maximum 
calculated moment was then multiplied by the distribution factor (S/5.5 where S is 
girder spacing, for a concrete deck on a steel girder system) to obtain the girders 
design moment.  Field testing often showed that these distribution factors were 
conservative, and thereby reduced the bridges permissible load. 
 Currently, the specifications outlined in the AASHTO LRFD Bridge Design 
Specifications have been adopted.  The new formulas for distribution factors are 
generally more complex than those previously used, however, with this complexity 
comes a greater degree of accuracy.  The new LRFD specifications take into account 
the axle load of a design truck rather than wheel loading. 
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 This study tested the accuracy of the new LRFD design specifications by 
comparing the distribution factors produced from a finite-element model (FEM) to 
those calculated using the new LRFD method.  SAP90 was used in the creation of 
three different finite-element models to compare to calculated results.  In general, it 
was found that the FEM results produced load distribution factors similar to the 
LRFD design specifications.  FEM distribution factors were all less than the simpler 
AASHTO distribution factors (S/5.5).   
 Experimental results produced from live-load testing seven bridges were 
also compared to the two AASHTO methods.  The LRFD approach once again proved 
to more accurately produce similar distribution factors as the seven bridges tested.  
Therefore, due to the comparable results of finite-element modeling and live-load 
testing, the analysis of individual girders using the newly adapted LRFD distribution 
factors proved to be realistic in predicting the actual response of steel girder 
bridges. 
Bowen (2003) 
 Based on commonly used evaluation procedures many older truss bridges 
may show deficient load ratings based on the current standards.  This study 
investigates the methods that can be used to develop a more accurate and realistic 
load rating for older truss bridges.  The study evaluated the load ratings of two truss 
bridges in Texas to see whether they were accurate or could be more realistically 
achieved through structural analysis methods and field load testing.   
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 The historic truss systems of study consisted of double channel members 
with riveted lacing and/or cover plates.  The deck system was made up of steel floor 
beams and stringers and a concrete deck.  All connections were a riveted gusset 
plate connection. 
 At the time of the study there were two methods used to determine AASHTO 
load ratings.  The two systems were the Allowable Stress method and the Load 
Factor method.  Another, newer method, the Load and Resistance Factor Design 
(LRFD) was still under development for load ratings and was not used in the load 
rating calculations to remain constant with Texas Department of Transportation 
design.  The inventory and operation load rating factors were calculated for both the 
truss members and the floor system.  Calculations from the inventory and operation 
load rating factors showed that the floor system members were the more critical 
members in the bridge system. 
 A finite-element model was created using SAP2000 to determine if a higher 
load rating could be justified.  Load ratings for the stringers, based on the finite-
element model showed an increase of over 70%, as compared to the AASHTO load 
ratings.  This is due to the model predicting smaller live load moments than the 
moments calculated in the AASHTO load rating procedures. 
 To verify the results obtained from finite-element modeling, detailed field 
testing of both bridges was conducted.  Measured data received from live-load 
testing helped assign load rating for both bridges.  Comparisons of live-load data 
showed that the finite-element model was slightly more conservative.  As a result it 
was concluded that the finite-element analysis provided a more realistic and still 
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somewhat conservative prediction of the floor member’s response than the AAHSTO 
method.  A finite-element analysis can be used to support a significantly higher load 
rating for older truss bridges. 
Yost et al. (2005) 
 A significant number of bridges in the United States have been classified as 
structurally deficient based on results of simplified analytical load rating models 
and inspection procedures.  Modeling of complex indeterminate structures using 
simplified one-dimensional procedures often will lead to limitations that are 
inconsistent with actual behavior.  A result of this over simplification is unrealistic 
load limitations and/or costly repairs or replacements. 
 As a structure advances in age so also does the wear on the structure.  With 
this comes a higher need to more accurately understand the strengths and 
weaknesses of these structures.  Nondestructive load testing (NDT) systems today 
have become a lot smaller, accurate, easier to use, less expensive and more reliable 
than systems used in the past and will continue to do so.  Measured results for NDT 
systems supply engineers with objective data showing exact magnitudes of the 
structures response. 
The most accurate way to analyze a bridges behavior is through direct 
measurement of the structures response caused by NDT.  Strain and displacement 
data recorded during NDT can then be used to accurately calibrate an elastic finite-
element model.  Measured results are acquired by applying strain and displacement 
gauges to various members that are of key interest.  Gauges readings are used to 
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quantify lateral and transverse load distribution, member stiffness and/or support 
restraint. 
The measured data recorded from live load testing is then used to calibrate a 
finite element model.  The accuracy of the model is achieved by comparing the 
models predicted outputs of member behavior with the measured strain and 
displacement results.  Individual finite-element variable are finely adjusted until the 
actual measured behavior of the structure is replicated by the finite-element model. 
A calibrated model then allows an engineer to accurately determine the 
bridges distribution factor and appropriate load ratings.  Load rating based on a 
calibrated model allows the engineer to eliminate any unreliable conditions.  Based 
on the load tests and load ratings of more than 200 highway bridges, approximately 
95% of these bridges have obtained higher load rating when a calibrated finite-
element model has been used.  
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CHAPTER 3 
LIVE-LOAD TESTING 
Bridge Description 
The Minnesota pilot bridge is located a quarter mile east of Sandstone, 
Minnesota on Highway 123 spanning the Kettle River.  The Kettle River Bridge, 
officially known as MN/DOT Bridge 5718, is a steel cantilever deck arched Pratt 
truss bridge.  The bridge was designed in 1941 using the 1941 American Association 
of State Highway Officials (AASHO) Design Specifications and built in 1948.  The 
Kettle River Bridge is a registered Historic Bridge due to its age and unique design 
(Minnesota Historic Society 2005).  The original concrete cast in place bridge deck 
was replaced in 1984 with a wider composite cast-in-place concrete deck 
eliminating deck drains and adding an extra 1.5 meters (5 feet) to the width of the 
deck.   
The Kettle River Bridge currently serves as a two lane bridge which carries 
traffic in both the east and west bound directions.  The bridge consists of a system of 
two steel trusses (north and south) supporting a bridge deck floor system composed 
of a concrete deck supported by steel floor beams and floor stringers.  Figure 1 is a 
picture of the Kettle River Bridge looking at the north side of the bridge.  Each truss 
system follows a Pratt Truss design with an arched bottom chord and is composed 
of three truss segments.  The overall length from the west to east abutment supports 
of each steel truss system is 121.9 meters (400 feet).  The main segment of the truss 
system is 91.4 meters (300 feet) in length.  It is composed of a center span of 61.0  
Figure 
meters (200 feet) from the
River, with an additional 15.2
east and west pier supports. 
supported on each end by the cantilevered end of the main truss and the adjacent 
abutment support, see Figure 
The north and south trusses are spaced 6.1
truss segment was designed and built with panel poin
(16 feet 8 inches) along the length of the truss.
from west to east with the first 
Panels in between each panel point are also labeled numerically from west to east 
with the first west bay being labeled 
the west half of the Kettle River Bridge truss identifying panel points, panels and 
truss sections. 
1. Kettle River Bridge, North Side 
 east to west pier supports which spans across the 
 meters (50 feet) of truss cantilevered past both the 
 A 15.2 meter (50 feet) suspended truss segment is 
2.  
 meters (20 feet) apart
ts spaced evenly 
  Panel points are labeled numerically 
vertical web member identified as Panel
Panel 1.  Figure 2 shows an elevation 
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Kettle 
.  Each 
at 5.1 meters 
 Point 1.  
view of 
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Figure 2. West Half Truss Elevation View 
The west pier supports the truss system with a 17.8 centimeter (7 inch) 
diameter pin connection (see Figure 3a), while the east pier support uses an 
elastomeric bearing pad which allows for horizontal  movement but resists vertical 
movement, creating a roller support condition (see Figure 3b).  Both the east and 
west abutments of the trusses are supported by rocker supports resting on top of 
concrete abutments allowing horizontal movement in the east to west direction (see 
Figure 3c).  Other than pier support conditions, the bridge is symmetrical about 
center span (Panel point 12).  As such, further descriptions will be of the west half of 
the bridge for simplification. 
The truss system is composed of various member sections.  The top and 
bottom chord of each truss is primarily constructed of hot rolled channel sections as 
shown in Figure 4.  Each channel member is 45.7 centimeter (18 inch) in depth with 
various cross sectional areas; the flanges of each double channel section are  
 (a)   
Figure 3. Bridge Support Conditions; a) West Pier b) East Pier c) Abutment
oriented outward with 3
both channel members.  The
connected with a riveted double lattice
All vertical and diagonal members creating the web of each truss, with the 
exception of the main vertical
are single wide flange sections with a 3
Figure 4. Typical Double Channel
(b) 
9.1 centimeter (15.375 inch) spacing between the webs of 
 top and bottom flange of both channel members are 
 and/or cover plates, (Figure 4
 located above the west and east piers (
5.6 centimeter (14 inch) depth.
 Truss Chord Member and Dimensions
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(c)  
 
).  
Panel Point 6,) 
  Cross  
 
 
Figure 5
sectional areas of the web members 
truss members located east of
sections with Panel Point
plate  and Panel Points 8 and 9 having a 1.0 centimeter (0.375 inch) 
continuous plate riveted on 
truss web members with their 
The main vertical
longest truss member, measuring at 11.
vertical extends down from the top chord
main vertical section is built up
flange sections.  The web
of an interior wide flange.  The main vertical also has riveted stay plates every 76.2 
centimeters (2 foot 6 inches) on center 
both sides. 
. Typical Truss Web Member and Dimensions
vary based on location.  The first three vertical 
 the main vertical (Panel Points 7, 8 and 9)
 7 having a 1.27 centimeters (0.5 inch) thick continuous 
thick 
both sides of the wide flange’s web.  Figure 
typical cross section dimensions.  
 (Panel Point 6), shown in Figure 6, is the largest and 
9 meters (39 feet) in length  The main 
 and connects to a pier foundation
 with three 35.6 centimeter (14 inch)
s of the two exterior wide flanges are riveted to the flanges 
along the entire length of the member on 
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 are built up 
5 shows the 
.   The 
 deep wide 
Figure 6. Main Vertical o
All vertical and diagonal members are connected to the top and bottom 
chords with rivets to large
segment connects to a suspended truss
inch) diameter pin on the top chord
of the suspended truss segment is
diameter pins on both ends of 
on both sides of the bottom chord 
slotted connections, in theory
the member, thus making the bottom chord
members were created to account for any differential settlement between the 
abutments and the pier foundations.  
location where the bottom chord of the suspended truss is connected to the 
cantilevered ends of the m
the suspended truss to cantilevered end connections.
ver Pier Support and Dimensions
 gusset plates.  The cantilevered end of the main truss 
 segment by way of a 10.2 centimeter (4 
 at Panel Point 3.    The bottom chord connection 
 also connected using a 10.2 centimeter (4 inch)
Panel 3 bottom chord.  However, the connecti
of panel 3 are slotted to allow movement
, do not allow axial forces to be transmitted through 
 of panel 3 a false member.  
This false member condition occurs at each 
ain truss (MN/DOT Bridge Office 2007).  Figure
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on holes 
.  These 
The false 
 7 shows 
Figure 7. Truss Segment 
Both trusses are braced along the bottom chord of each panel
systems using parallel angle
between each panel point
angle cross bracing for lateral support.
between truss systems from the bottom chord at 
Panel Point 3.  Figure 8 shows the cross bracing between the North and South truss.
Figure 8. 
Upper Chord Pin and Lower Chord Slotted Connection
s with riveted lattice.  Both trusses are also
’s vertical web members and along the top chord 
  There is also an angle cross brace spanning 
Panel Point 2 to the upper chord of 
 
Cross Bracing Between North and South Truss
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 between truss 
 braced 
using 
 
 
The top chord of both trusses is loaded at panel po
system, see Figure 9a.  The steel portion of the floor system consists of floor beams 
which span across each truss and connect to the top ch
points.  Each floor beam is a 53.3 centimeter (21 inch
meters (34 feet) in length
meter (7 foot) cantilever 
from one floor beam to the other
starting with Bay 1 at the furthest west bay.  
system with bay labeling.
Spanning between each floor beam 
bridge are 8 floor stringers.  All floor st
depth wide flange section, see 
riveted tab connection to the web of the perpendicular floor beam
 (a) 
Figure 9. a) Kettle River Bridge Floor System b)Floor Beam c)Floor Stringer
ints by a composite floor 
ord of the steel truss at panel 
) deep wide flange and are 10.4
, see Figure 9b.  Each floor beam is positioned 
extending past the center line of each top chord.  The span 
 will be referred to as a bay; each bay is labeled 
Figure 10 shows the composite floor 
 
along the longitudinal length of the 
ringers are 40.6 centimeters (16 inches) in 
Figure 9c.  Each floor stringer is connected using a 
, the top flange of
 
 (b)  
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with a 2.1 
 
 
(c) 
 
25 
 
 
Figure 10. Floor System Bay Labeling 
the floor stringer is at the same elevation as the top flange of the floor beams.   
Floor stringers are labeled numerically starting with the furthest north stringer 
being labeled Stringer 1.  Figure 11 shows a floor system cross section with the 
dimensions of all floor system members and floor stringer labeling.  See Appendix A 
for floor beam and stringer sizes. 
Floor Stringers 1 and 8 are located 19.1 centimeters (7.5 inches) from each 
end of the floor beams.  Stringers are then are typically spaced at 1.5 meters (4 foot 
9 inches) on center with the exception of the spacing between the furthest two 
south floor stringers (Stringers 7 and 8) which are spaced at 1.3 meters (4 foot 3 
inches) on center.  All steel floor and truss members were designed with a yield 
stress of 248.2 Mpa (36,000 psi) and allowable working stress of 124.1 Mpa (18,000 
psi). 
A 17.8 centimeter (7 inch) thick cast in place deck with a width of 12.1 
meters (39 foot 7 inches) is supported on top of both the floor beams and stringers.   
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Figure 11. Floor System Cross Section 
The ultimate strength of the rebuilt concrete deck was designed as 27.6 Mpa (4000 
psi). The center of the deck is 2.5 centimeters (1 inch) south of the center line 
between the north and south trusses.  A 48.3 centimeter (19 inch) concrete Jersey 
barrier runs longitudinally along the north side of the deck along with a 1.8 meter (6 
foot) sidewalk and 25.4 centimeter (10 inch) concrete parapet running 
longitudinally along the south side of the deck.  Subtracting the Jersey barrier and 
sidewalk width from the overall deck width a remaining 9.8 meter (32 feet) is used 
as the roadway width. 
The deck is connected to the floor beams with three shear studs spaced at 
15.2 centimeters (6 inches) on center.  It is also connected to each floor stringer 
with two shear studs spaced between 19.1 centimeters (7.5 inches) to 30.5 
centimeters (12 inches) on center dependant on the location along the floor 
stringer.  The shear stud connections were used to create a composite action 
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between the steel floor system and the concrete deck.  Figure 12 shows the shear 
stud placement from the rebuilt design plans. 
 
Figure 12. Shear Stud Spacing Plan 
  
28 
 
Instrumentation Plan 
A wireless data acquisition system was used to record changes in strains and 
displacements during live load testing.  Four-channel nodes were used to transmit 
gauge readings from various locations along the length of the 121.9 meter (400 foot) 
bridge to a central base station by way of a wireless broadband system as seen in 
Figure 13.  All gauge readings were recorded simultaneously at a rate of 40 readings 
per second.  
The bridge instrumentation consisted of placing 151 strain gauges to 
measure changes in strain in order to determine axial forces and bending in various 
members.  In addition, 8 displacement gauges were used to measure changes in 
displacements on the truss and stringer locations on the bridge.     
The strain gauges used for testing were a reusable, pre-wired strain 
transducer, see Figure 14.  The strain gauges were able to measure strains within a  
 
 (a)      (b) 
Figure 13. Wireless Data Acquisition System a) Four-Channel Node b) Base Station 
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range of ±2,000 micro strain with an accuracy of ±2%.  Each transducer was applied 
to a structural member by grinding the paint off at a desired gauge location until the 
steel was exposed.  After the steel was exposed each gauge was carefully mounted 
by adhering mounting brackets to the exposed steel using a strong adhesive.  Forty-
one strain gauges were placed in different bays to measure the changes in strain in 
the floor system’s stringers and floor beams.   
As a result of the sidewalk running along the south of the roadway it was 
easier to apply a load in a way to create more force through the north truss, thus 
creating higher strains and displacements.  Because of this condition a larger 
number of gauges were place on the north truss in comparison to the south truss.  
Seventy-two strain gauges were placed on the north truss members and 38 gauges 
were placed on the south truss members to determine axial and bending forces in 
various truss members.   
 
Figure 14. Reusable, Pre-Wired Strain Transducer 
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 (a)   (b) 
Figure 15. Axial Strain Configuration; a) Chord Members b) Web Members 
Theoretically a truss system should only experience axial forces in each 
member as long as both ends are truly pinned.  In order to measure the axial strain 
in a double channel truss member, a dual strain gauge configuration was used.  A 
strain gauge was placed on the inside center of the web of each channel member 
making up the top or bottom chord of the north or south truss, see Figure 15.  By 
placing these gauges on the center of the web they were positioned on the 
horizontal neutral axis of each member and symmetrically about the vertical neutral 
axis.  The recorded strains were then averaged to determine the axial strain acting 
in the composite member in order to account for unassumed behavior that may 
occur.  The same strain gauge set-up and process was used in order to find the axial 
forces in the vertical and diagonal wide flange truss members. 
The theory of pure axial forces existing in a truss member is dependent upon 
each joint connection being strictly a pinned connection with freedom of rotation 
and no fixity.  However, the truss members of the Kettle River Bridge are connected  
using large gusset plates and multiple rivets.  A gusset plate connection with 
Figure 16. Panel Point 12 Bottom Chord Gusset Connection
multiple rivets could create an end fixity condition and induce
members.  Figure 16 shows
gusseted connection is typical at all truss member ends.
Because of the high possibility that the riveted gusset plate condition could 
cause the truss members to experience bending
instrumented in a different way to verify if 
gauges with two gauges 
each of the double channel
gauges were averaged to find the axial load in the member.
averaged axial strain, the remainder strain on top and bottom indicated if there was 
any bending in the member, see 
in the double channel members was used to find bending 
 bending in truss 
 the bottom chord connection at Panel Point 12, this 
 
, a few truss members wer
bending was occurring.  Using 
on the upper flanges and two gauges on the lower flange
 members a strain gradient could be recorded.  All four 
  After subtracting out the 
Figure 17.  The same process used to find 
in the truss
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members.  By using four gauges placed on opposite corners of a wide flange, axial 
strain and any bending occurring in the truss verticals as well as diagonals could be 
observed.  Bending strain configurations for various truss members are shown in 
Figure 18. 
An axial strain gauge configuration was also specifically applied to the false 
members acting as the bottom chord of panel 3 to verify that there was no change in 
strain occurring in the member.  Theoretically there should be no change in strain in 
 
Figure 17. Strain Breakdown 
 
 (a)   (b)   (c) 
Figure 18. Bending Strain; a) Chord Members b) Web Members c) Main Vertical 
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the false member due to the slotted pin connection.  However, friction between the 
member and the pin connection could cause a small change in strain. 
The floor system was also instrumented to determine axial and bending 
strain by using 41 strain gauges.  The floor stringers in Bay 5 (Figure 10) were 
heavily instrumented by placing gauges two feet from each end of the bay on 
various stringers and at the centerline of each stringer.  The mid span bay (Bay 12) 
was also instrumented with gauges at the centerline of each stringer to accurately 
quantify behavior occurring at the mid span of the bridge.  Floor beams at Panel 
Points 4 and 6 were also instrumented for both axial and bending reactions.   
A typical floor stringer or beam instrumentation setup consisted of one strain 
gauge applied to the bottom flange.  By so doing, the strain in the bottom flange 
could be correlated to the amount of bending the floor stringer experienced.  A few 
stringers and floor beam configurations consisted of a strain gauge placed on the 
bottom flange and another placed on the top flange.  This set up allowed for the 
location of the neutral axis in the floor stringer to be identified to observe if any  
 
Figure 19. Floor Stringer and Floor Beam Instrumentation 
34 
 
axial strain was recorded in the floor stringer.  Figure 19 shows a single strain gauge 
and dual gauge setup for either a floor beam or floor stringer. 
A special type of displacement transducer was used during testing (Figure 
20), to measure the displacement at various locations.  The displacement transducer 
is comprised of a base plate that is attached to a member by way of bolts or in the 
case of the Kettle River Bridge, two clamps.  A thin plate attached to the base plate is 
cantilevered out with four strain gauges applied near the base plate.  The end of the 
cantilevered plate is then deflected approximately 3.8 centimeters (1.5 inches) by 
pulling down on the cantilevered end with a steel cable to an anchored location 
below.  Whenever a load would cause the member, which the displacement 
transducer was attached, to change displacements, a change in the strain at the base 
of the cantilevered plate would result.  The resultant displacement transducer 
strains were then correlated to a change in displacement.  
 
Figure 20. Displacement Transducer 
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Four displacement transducers were attached to the north truss at Panel 
Points 3, 4, 9, and 12.  One displacement transducer was also placed on the south 
truss at Panel Point 12 so that a difference in displacement from the north truss to 
the south truss, dependent upon transverse load location, could be observed.  Three 
displacement transducers were also placed at the midpoint of Floor Stringers 1, 3, 
and 8 of Bay 5.  
Live-load Testing 
 Within the Kettle River Bridge’s 9.75 meter (32 feet) roadway width, five 
different load paths were identified.  Each load path was carefully marked down the 
full length of the bridge deck’s surface and load trucks were driven along these 
paths from west to east.  Each load path was labeled from the south load path to the 
north load path as Load Path Y1 to Y5, see Figure 21.  Load Path Y1, the furthest 
south load path, was identified so the passenger side wheel would drive down the 
length of the bridge 0.6 meters (2 feet) from the sidewalk edge.  Load Path Y2 was 
measured so that the passenger side wheel drove 3.2 meters (10 feet 6 inches) from 
the sidewalk edge.  Load Path Y3 was marked so that the driver side wheel rolled 
down the bridge 5.0 meters (16 feet 3 inches) from the sidewalk edge.  Load Path Y4 
was oriented so that the driver side wheel advanced along the bridge 7.9 meters (26 
feet) from the sidewalk edge.  Load Path Y5, the furthest north load path, was 
marked 9.1 meters (30 feet) from the sidewalk edge, or 0.6 meters (2 feet) from the 
inside face of the north side Jersey barrier.  The driver side wheel moved along Load 
Path Y5 until the end of the bridge. 
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Figure 21. Load Path Truck Positions (Y1-Y5) 
Two Under Bridge Unit (UBU) trucks were used for testing.  The truck used for all 
single truck loading was the red UBU truck (Figure 22) which weighed a total of 
272.9 Kilonewtons (61,340 pounds).  The red truck consisted of two front wheels 
spaced 2.1 meters (7 feet) apart.  The load distributed to the front two wheels was 
34.5 Kilonewtons (7,760 pounds) per wheel.  The rear wheel configuration was a 
tandem axle spaced at 1.4 meters (4 feet 6 inches) on center.  The distance from the 
front axle to the front tandem axel was 5.1 meters (16 feet 8 inches). The driver side 
rear tandem wheels to passenger side rear tandem wheels were spaced 1.8 meters 
(6 feet) apart.  The load distributed to the four rear wheels was 51.0 Kilonewtons 
(11,460 pounds) per wheel. 
The second truck used during testing was a yellow UBU truck (Figure 23) 
which weighed a total of 275.7 Kilonewtons (61,980 pounds).  The yellow truck had 
two front wheels spaced 2.0 meters (6 feet 9 inches) apart with a weight of 40.2 
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Figure 22. Red UBU Truck Dimensions and Weights 
Kilonewtons (9,030 pounds) per wheel.   The measured distance from the front axle 
to front tandem axel for the yellow UBU truck was 5.4 meters (17 feet 7 inches).  
The rear tandem axle spacing was measured at 1.4 meters (4 feet 7 inches) on 
center with the driver side wheels to passenger side wheels spaced 1.8 meters (6 
feet) apart.  The load distributed to each of the four tandem wheels was 48.8 
Kilonewtons (10,980 pounds) per wheel. 
 Each Load path was loaded using the red UBU truck and guided down the test 
load path at less than 8.0 kilometers per hour (5 miles per hour).  An automatic 
clicker was placed on the truck front wheel so that the moving load locations could 
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Figure 23. Yellow UBU Truck Dimensions and Weights 
be coordinated with strains occurring as the vehicle moved across the bridge.  After 
the truck had travelled the length of the bridge and completely off the bridge, test 
recordings were ended and the truck was returned to the starting position for 
another test.  Two tests for each load path were conducted at approximately the 
same speed to ensure accuracy.   
After all five load paths had been tested twice; a double truck test was 
conducted, see Figure 24.  The load combination consisted of the red UBU truck 
driving down Load Path Y5 and the yellow UBU truck driving down Load Path Y3, at 
the same speed as the single truck tests.  The double truck loading test was defined  
as Load Path Y3Y5 and conducted three times, all at the same speed.  After all the 
static tests (Y1 – Y3Y5) 
The red UBU truck started
driven across the bridge at a higher speed
maintained speed of approximately 48
down Load Path Y2.  A slight veering from the 
middle of the bridge. 
After all live-load
and correlated with the 
conducted.  Using a detailed instrumentation plan
Figure 24. Double Truck Loading 
were completed a high speed dynamic test was performed.  
 its approach to the bridge further up road
.  The truck drove across the bridge at a 
 kilometers per hour (30 miles per hour) 
load path did occur towards the 
Strain Results 
 testing was completed, the measured data was organized 
truck’s position on the bridge so that analyses
, gauge identification numbers 
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, and then 
 could be 
were correlated with individual floor stringer
Appendix B for the detailed instrumentation plans
bridge member was typically instrumen
gauges were grouped and averaged to 
in each instrumented member.
values denoting tension.
Floor stringer strains 
Two bays were heavily instrumented to 
how much strain each floor stringer
in each stringer transversely 
floor beams using a tabbed connection.  This connection
pinned connection on both 
simply supported member
along the length of a beam but
connection from floor stringer 
Figure 25
s, floor beams and truss members
.  As mentioned previously each 
ted with more than one gauge, therefore,
determine the axial strain and bending effects
  All strain plots in this paper are shown with positive
 
obtain a better understanding of
 experiences and also the distribution of strains 
across the deck.  Each stringer is attached
 is intended to 
ends of the stringer, causing the stringer to
.   A pinned-pinned connection allows bending stresses
 not at the supports.  Figure 25 shows the typical tab 
to floor beam. 
. Floor Beam to Floor Stringer Tab Connection
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In order to verify that the floor stringers were acting compositely with the 
bridge deck, the neutral axis of the composite stringer section was calculated using 
the maximum strains from the top and bottom flange strain gauges from the dual 
gauge set-up experienced during a load test.  Maximum strains in Bay 5 occurred 
when the front axle of the red UBU truck was approximately 28.2 meters (92 feet 5 
inches) from the west rocker.  Bay 12 showed the greatest strain when the front axle 
of the red UBU truck was located approximately 64.2 meters (210 feet 5 inches) 
from the west rocker support.  The neutral axis calculated from the measured strain 
gauge data was compared to the calculated theoretical neutral axis of the composite 
section.  Comparisons showed that the measured neutral axis of various floor 
stringers at maximum strain were within 5% of the calculated theoretical neutral 
axis.  
Figure 26 shows the measured neutral axis location of a stringer on the north 
and south side of the bridge, measured from the bottom of the stringer, as the red 
UBU truck enters and exits Bay 5.  Stringer 2 is the second stringer in from the north 
side of the bridge, while Stringer 7 is the second stringer in from the south side of 
the bridge.  The figure also shows the theoretical neutral axis at 45.4 centimeters 
(17.9 inches) measured from the bottom of the floor stringer.   
The truck enters Bay 5 when the front axle is at 20.3 meters (66 feet 8 
inches) from the west end of the bridge.  When the front axle of the truck reaches 
this point the measured neutral axis goes to a large value in the positive and 
negative direction; this is due to the stringer experiencing very little strain in either 
gauge when the front axle of the truck being located on the floor beam.  The use of  
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Figure 26. Floor Stringer Neutral Axis Location, Bay 5 
similar triangles was used to find the measured neutral axis, as a result, when very 
small measured strain exist in the denominator a very high neutral axis is a result.  
As the truck moves through the bay the neutral axis goes back towards the 
theoretical neutral axis.  The front axle of the truck exits Bay 5 when the front axle is 
located at 25.4 meters (83 feet 4 inches) from the west end of the bridge, this is also 
the point when the front axle of the rear tandem enters Bay 5.  The neutral axis 
again goes to a very large number in the same manner as when the front axle 
entered Bay 5, because the axles are located over the floor beams.  As the rear 
tandem axles continue to move through the bay the neutral axis again approaches 
the theoretical neutral axis.  As the rear axles exit Bay 5, at 30.5 meters (100 feet), 
the neutral axis moves back up as the strain gauges begin to read near zero strain. 
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The neutral axis location on the south side of the bridge as the truck moves 
through the bay was measured higher than on the north side of the bridge.  This 
difference indicates that the further south a stringer is located on the bridge more 
the sidewalk stiffness effects become apparent.  The higher neutral axis indicates a 
stiffer section, such as being seen near the sidewalk. 
 After understanding the stiffness transversely across the deck, the way a load 
was being distributed across the width of the bridge when it was placed at various 
transverse positions was of key interest.  Because Bays 5 and 12 were heavily 
instrumented with strain gauges on the bottom of each stringer, an accurate 
distribution of load could be quantified.  The load locations that caused maximum 
strain in the floor stringers of Bays 5 and 12 were used to evaluate the strain 
distribution.  The point where the maximum strain was created in Bay 5 was when 
the front axle of the red UBU truck was located at a distance of 28.2 meters (92 feet 
5 inches) from the west rocker support.  Maximum strain was measured in Bay 12 
occurred when the front axle was located at 64.2 meters (210 feet 5 inches) from 
the west rocker support. 
Figure 27 shows a cross section strain distribution for each floor stringer in 
Bay 5 when the truck is positioned on Load Path Y5.  Load Path Y5 places the driver 
side wheel just south of Stringer 1 and the passenger side wheel almost centered 
between Stringers 2 and 3 (see Figure 21).  This loading caused the strain 
distribution to have the highest strain readings in Stringer 2 with the stringer taking 
44% of the total strain; this is because the stringer is located directly under  
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Figure 27. Bay 5 Stringer Strain Cross Section, Load Path Y5 
 
Figure 28. Bay 12 Stringer Strain Cross Section, Load Path Y5 
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Figure 29. Bay 12 Stringer Strain Cross Section, Load Path Y1 
the load.  Figure 28 shows the same load path but when the rear tandem axles of the 
truck are positioned within Bay 12.  Stringer 2 also carried the most strain in Bay 12 
with the truck positioned in the same place laterally, but the stringer takes 42% of 
the total strain.  Figure 29 shows the truck positioned on Load Path Y1 in Bay 12.  
Stringer 6 recorded the highest strain with the stringer taking 37% of the total 
strain, due to the passenger side wheel being located just to the north of Stringer 7 
and almost centered between Stringers 5 and 6 (see Figure 21). 
The manner in which strain in a particular floor stringer changed as a truck 
was driven down the length of the bridge was also evaluated.  The use of influence 
lines was used to evaluate the change in stringer strain.  The strains of an individual 
stringer were plotted with the corresponding location of the trucks front axle as the 
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truck was slowly driven from west to east.  Figure 30 shows the influence line of 
Floor Stringer 2 in both Bays 5 and 12 for the full 121.9 meters (400 feet) length of  
the bridge during load test Y5.  As the truck approached or left the bay in which the 
gauges were located there was no strain in the stringer, it is not until the front axle 
or rear axles are actually in the gauges bay that any effects were seen.   
The strain influence lines show a double peak in the strain data.  The reason 
for this was that the red UBU truck’s dimension from the front axle to the front 
tandem axel was 5.1 meters (16 feet 8 inches) which coincidentally was the distance 
that the floor beams are spaced along the bridge.  As the front axle of the truck 
entered into the floor stringer’s bay it began to create strain in the floor stringer, but 
as it rolled out of the bay the strains went back up toward zero, essentially because  
 
Figure 30. Stringer 2 Influence Lines, Bay 5 and 12, Load Path Y5 
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there is no load within the gauge’s bay.  As the rear tandem axles roll into the bay a 
much larger strain was recorded, due to the larger weight in the rear axles.  As the 
rear axles exit the bay the strain approaches zero again.  The strain influence line 
results again suggest some flexibility in the deck system because strain is only 
measured when the truck load is within the gauges bay. 
Truss member strains 
 After compilation and correlation of the truss strain data, individual truss 
members were analyzed to see if bending effects could be quantified in any of the 
truss members.  Because a truss member should only experience axial stresses the 
process of finding any bending stress, as mentioned in Section 3.2, was followed.  
Members that were instrumented to determine bending consisted of a four gauge 
set up with a strain gauge located at each corner of the member.  The top gauges 
were averaged and compared to the averaged bottom gauges, and the right side 
gauges were also averaged and compared to the left side gauges.  Figure 31 shows a 
plot of both in-plane and out of plane bending strain experienced in the vertical web 
member at panel point 7 during load test Y3Y5 after the averaged axial strain was 
subtracted out.  The plot in addition shows the averaged axial strain measured in 
the member.  Additional bending strain plots for various truss members can be 
found in Appendix E. 
It was found that there were very little amounts of bending effects in the 
north-south direction or out of plane of the truss.  However, there can be significant 
amounts of bending in the east-west direction or in-plane with the truss.  Figure 31  
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Figure 31. Bending Strain in Vertical Web Member at Panel Point 7, Y3Y5 
shows that the bending strain can be as much as half of the measured axial strain. 
These bending effects verify that the large gusset plate riveted connection does not 
act as a simple pinned connection but can cause an amount of fixity at the member 
ends. 
 Unlike the strains recorded in the floor stringers, the truss members showed 
varying amounts of strain when the truck was not located over the gauge’s relative 
position.  Based on the location, a member’s strain would change from positive to 
negative as the truck moved along the bridge or in the case of the main vertical 
member, increase in magnitude as the truck approached it and decrease as the load 
moved away.   
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 Four gauge locations show the typical change in strain readings as a load 
moves across the deck.   The gauge locations are on the north truss and readings are 
taken from Load Path Y3Y5.  Influence line plots shown below include readings of 
the bottom and top chord in Panel 6, see Figure 32 and Figure 33, respectively.   The 
upper portion of the main vertical at Panel Point 6 (Figure 34) and a top chord 
member at Panel 12 (Figure 35) are also shown. 
 The strain gauges that were applied to the false member acting as the bottom 
chord of panel 3 shows that there was a small change in strain occurring, see Figure 
36.  The change in strain is small, ranging between -1.5 and 3.5 micro-strain, but 
help quantify that there is an amount of strain being transmitted through the false 
member.  The change in strain is not as smooth as other truss members measured 
 
Figure 32. Truss Strain, North Bottom Chord of Panel 6, Load Path Y3Y5 
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Figure 33. Truss Strain, North Top Chord of Panel 6, Load Path Y3Y5 
 
Figure 34. Truss Strain, North Main Vertical, Load Path Y3Y5 
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Figure 35. Truss Strain, North Top Chord of Panel 12, Load Path Y3Y5 
results.  There is a drastic decrease in strain when the front axle crosses Panel Point 
4 (20.3 meters [66 feet 8 inches]). The drastic decrease is most likely due to a slip 
occurring between the bolt and the slotted connection when the strain is highest in 
the member. 
 
Figure 36. False Member Strain Readings, Load Path Y5 
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Displacement Results 
 Measured displacements occurring at points along the truss helped quantify 
how the truss was physically moving as a truck was driven along different load 
paths.  Displacement transducers were placed at the center span (Panel Point 12) on 
both the north and south truss.  The placement locations of these displacement 
transducers were strategically selected to quantify how the load was effecting the 
displacement of the north truss in comparison to the south truss.  It was found that 
as the truck moved along the center of the bridge deck (Load Path Y2) that both the 
north and south truss displaced approximately the same amount.  When the truck 
was located on an extreme edge of the bridge deck the truss located nearest the load 
displaced nearly twice as much as the other.  Figure 37 shows a displacement 
influence line as the red UBU truck is driven down Load Path Y2, this plot shows 
that the north and the south truss displace the same amount.  Figure 38 is the 
plotted displacement data of the north and south truss at mid span (Panel Point 12) 
for Load Path Y5.  This plot illustrates the distribution of displacement from one 
truss to the other.  Because Load Path Y5 is on the north side of the bridge, 
measured displacements in the north truss were larger (0.55 centimeters [0.22 
inches]) than those measured in the south truss (0.25 centimeters [0.1inches]).   
Displacement influence lines created from the measured data also showed 
that when the truck was position on the other side of the main vertical from the 
displacement transducer location, upward movement was measured.  When the 
truck was situated over the main vertical very little displacement occurred and 
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Figure 37. Panel Point 12 North and South Truss Displacement, Load Path Y2 
 
Figure 38. Panel Point 12 North and South Truss Displacement, Load Path Y5 
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appears to be an inflection point at which most influence lines moved from negative 
to positive, or vice versa.  Figure 39 shows the displacement influence line of Panel 
Point 4, measured during load test Y5 of the north truss.  
 
Figure 39. Panel Point 4 Displacement, Load Path Y5 
High Speed Dynamic Results 
 After the slow moving load tests were completed, an additional test was 
conducted in which the red UBU truck was driven at a high speed with its passenger 
side wheel positioned along Load Path Y2 at a high speed to create a dynamic 
loading situation.  The purpose of driving the truck at a higher rate of speed was to 
investigate the effects an impact load had on the instrumented members.  The high 
speed measured results were plotted with the static load results for the floor 
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stringer strains, truss member strains and truss displacement using an influence 
line.  Minimum and maximum values were compared to quantify the effect that 
dynamic loading had on strains and movement. 
After comparing the results of the two tests on the floor stringers both plots 
were nearly identical, the maximum dynamic strain experienced on average are 
within about 2% of the static strains.  Figure 40 shows the strain plot comparisons 
of Stringer 5 for Bays 5, and Figure 41 gives the strain plot comparisons of Stringer 
5 for Bay 12.  Bay 12 shows a larger difference than 2% in maximum values, this is 
due to a slight veering of the red UBU truck from the load path at mid span as it 
traveled the length of the bridge.  Stringer 4 shows almost exactly opposite 
maximum values than Stringer 5 with static loading being greater than dynamic 
loading, see Appendix G.  The measured displacements of Floor Stringer 3 from the  
 
Figure 40. Dynamic Strain Comparison of Stringer 5, Bay 5 
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Figure 41. Dynamic Strain Comparison of Stringer 5, Bay 12 
dynamic and static load tests also verified that there was very little effect on a 
stringer when the truck is driven down Load Path Y2.  Stringer 3 displacement 
results can be seen if Appendix G. 
 The truss member strains did show a difference in strain between static and 
dynamic impact loading.  The dynamic loading test results are shown as a wavy line 
which oscillates about the static load test results.  The dynamic loading results 
measured an increase in maximum and minimum values on average of about 11.5%.  
Figure 42 shows the plot comparison of both tests as they affect the top chord 
member of Panel 12 on the north truss.  Figure 43 plots the same data but for the 
bottom chord of Panel 12 on the north truss. 
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Figure 42. Dynamic Strain Comparison of North Panel 6 Top Chord 
 
Figure 43. Dynamic Strain Comparison of North Panel 6 Bottom Chord 
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When comparing the displacement results of the two load cases, apparent 
differences were observed.  An average increase of nearly 10% was seen in 
maximum and minimum values as a result of dynamic impact loading.  Figure 44 
shows the plot comparisons of displacements of the south truss at mid span (Panel 
point 12) and Figure 45 plots the two displacements for the north truss at Panel 
point 3.  The same oscillatory behavior seen in the truss strain comparisons was 
also seen in the displacement comparisons. 
 
Figure 44. Dynamic Displacement Comparison at South Panel Point 12 
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Figure 45. Dynamic Displacement Comparison at North Panel Point 3 
 By comparing the dynamic load results with the various bridge members it 
can be concluded that the dynamic loading had very little effect on the floor 
stringers along the length of the bridge.  However, the dynamic loading did have a 
greater effect on the truss members both in terms of displacement and strain with 
an average increase in magnitude of about 11%.  Due to the little effect experienced 
in the floor stringers as opposed to the truss system it was assumed that the deck 
system and the truss system tended to act as two independent systems with little 
interaction other than the transfer of loads.  
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CHAPTER 4 
FINITE-ELEMENT MODEL 
Finite-Element Model Description 
 Finite-element modeling for the Kettle River Bridge was performed using 
SAP2000 version 14.  In order to create the bridge model, a combination of solid and 
frame elements were used.  The model’s deck system and truss members were 
created and analyzed using the same dimensions, sizes and properties as those of 
the Kettle River Bridge.  The bridge was modeled using solid elements for the 
concrete deck, sidewalk and parapets and frame elements for the steel beams, 
stringers, cross bracing and truss systems.  A composite connection between the 
concrete deck and steel floor system was also enforced.   Figure 46 shows a 3D 
rendering of the finite-element model (FEM) of the Kettle River Bridge using 
SAP2000. 
The solid elements used were an eight nodal rectangular hexahedron which 
allowed three degrees of translational freedom at each node.  The solid elements 
were created by extruding a four-nodal shell element to a specified thickness.  In  
 
Figure 46. Finite-Element Model of Kettle River Bridge 
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order for solid elements to form a continuous material, such as a cast in place deck, 
nodes must be shared between adjacent elements.  To increase accuracy in bending 
behavior of the element, each solid element had enabled the incompatible mode.  
This mode helps to overcome any conditions that would cause an increase in 
stiffness as the element experiences bending (Computer and Structures, Inc. 2009).  
Figure 47 shows a cross section view of the model’s solid elements used. 
 All solid elements were assigned concrete material properties in order to 
simulate the actual conditions of the concrete deck, sidewalk, Jersey Barrier and 
parapet on the Kettle River Bridge.  In order to insure accuracy of the concrete solid 
elements, good modeling practices were followed.  All angles of the solid elements 
were kept at 90 degrees and drawn as a rectangular shape which also created 
symmetry around each axis.  Element sizes were minimized to create a more refined 
mesh while also maintaining a low aspect ratio.  An aspect ratio is defined as the 
ratio of the longest dimension to the shortest dimension of the element shape.  
Inaccuracies begin to arise as the aspect ratio increases.  The recommended aspect 
ratio for solid elements is below 3 but not to exceed 10.  The majority of the solid 
elements used in the Kettle River Bridge model were kept below 3, a small 
percentage of deck solids had aspect ratios of 6 and the north and south edge solids 
had an aspect ratio of 9. 
 
Figure 47. Cross Section View of FEM Showing Solid Elements 
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Figure 48. Profile View of FEM Showing Frame Elements 
All truss members, cross bracing, floor beams and stringers for the Kettle 
River Bridge were created using frame elements.  A frame element is modeled as a 
straight line which connects two joints with six degrees of freedom at each end, with 
the joint ends being the centroid of the element.  All frame elements were drawn as 
a prismatic section in which all properties are constant along the full length of the 
element.  Each joint can be assigned an insertion point other than the elements 
centroid.  This function was a desired feature so that a composite deck interaction 
could be created.  As frame elements were created, a section property was assigned 
to each element to specify the cross section’s size and shape.  Steel material 
properties were applied to all frame element sections to define more of the section’s 
properties.  Figure 48 shows a profile view of the bridge truss, showing typical 
frame elements and joint end nodes. 
SAP 2000 has the capability to create composite action between two 
elements by using various techniques.  In order to create composite action between 
the concrete deck and the steel floor beams and stringers a technique of using joint 
sharing while utilizing end offsets and insertion points of frame elements was used.  
First the solid elements for the concrete deck were extruded off the x-y plane to a 
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thickness of 17.8 centimeters (7 inches) frame elements were then assigned the 
appropriate floor beam and stringer section properties and drawn on the same 
plane as the bottom joints of the solid element’s plane.  Each of the frame element’s 
end joints shared the same bottom corner joint as a coinciding solid element on the 
x-y plane.  In order to be able to share the joints of frame elements each floor 
stringer and floor beam was divided to coincide with the solid element joints.  When 
elements share the same joints they will work together as a composite element, 
however, with the centroid of the floor beam and stringer elements being on the 
same plane as the bottom joints of the solid elements the section’s stiffness was not 
correct.  In order to correct the composite section stiffness, an insertion point was 
defined at the top center of both the floor beam and stringer elements rather than at 
the element’s centroid.  The frame stiffness was transformed to account for the 
offset from the centroid.  Figure 49 shows a cross section view of the FEM composite 
floor system. 
 After the deck system was made composite, groups and sections were 
defined using a floor stringer and its tributary area of concrete.  These elements 
were grouped together and were then made into defined sections.  The moments 
produced from the model for a defined stringer section were then converted into 
strains so measured test data could be compared and correlated with model 
 
Figure 49. Cross Section of FEM Showing Composite Floor System  
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predictions.  Stringer sections were labeled with the same nomenclature in the 
model as with the Kettle River Bridge with Stringer 1 being the furthest north 
stringer section (see Figure 11). 
 In order to connect the truss system to the composite floor system, a 
different technique was employed.  The truss was drawn at the desired elevation 
and then was connected to the floor beams using a Body Constraint.  A Body 
Constrain causes all of its constrained joints to move together as a three-
dimensional rigid body.  By default all six degrees freedom are constrained to move 
together.  However, each of the six degrees of freedom can be defined to be 
constrained or not (Computer and Structures, Inc. 2009).  The connection of the 
floor beams to truss members does not restrict rotational movement.  Therefore, 
each Body Constraint was defined to constrain only translational degrees of 
freedom.  This enabled the deck system to function somewhat independently from 
the truss system while still transferring all loads into the trusses panel points. 
 The pier support of the west pier (Panel point 6) was modeled using a pinned 
support by applying a joint restraint to both the north and south truss.  The pinned 
support condition provided restraint in translational movement in each local 
direction but allowed rotation.  The east pier support and both abutment supports 
were modeled as a roller support.  The roller support restricted translational 
movement in the vertical direction but allowing movement in the longitudinal and 
transverse directions.  The roller restraint used in the model was applied to 
simulate the same movement that the theoretical rocker supports at both abutment 
ends and the elastomeric bearing support on the east pier would experience. 
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 The false member located at the bottom chord of Panel 3 was also made part 
of the truss system in the finite-element model.  Even though the finite-element 
model does not take into account the probable slip occurring in the false member, 
the presence of the false member was found to be needed in the truss systems in 
order to predict accurate strains and displacements of the truss.  An axial end 
release was applied to both joints of the false member frame element.  The axial end 
release acts as a spring which allowed the member to experience very small 
amounts of strain while still contributing to the overall behavior of the truss system. 
The finite-element bridge model was rigorously calibrated by making strain 
and displacement comparisons between the recorded experimental data and model 
results for Load Paths Y1, Y2, Y5, and Y3Y5.  Load Paths Y1, Y2, and Y5 were selected 
because their load locations represented the extreme loading conditions on the 
bridge deck.  Y3Y5 was also compared because it resulted in the largest load and 
therefore produced the highest strain and displacement results. 
Loads were applied to the top joints of the solid elements using defined load 
cases and combinations of the trucks wheel loading.  The weight of each wheel for 
either the red or yellow UBU truck was applied as a joint load in the negative Z 
direction.  Thirty-seven truck loads were placed at different longitudinal positions 
down the entire length of the bridge deck for each load path.  Figure 50 shows a load 
assignment of the red UBU truck on Load Path Y5. 
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Figure 50. Truck Load Applied to Solid Element Joints 
After analyzing the finite-element model with the assumed As-Built bridge 
properties, it was observed that the theoretical model did not behave in the same 
way as the actual bridge.  The finite-element model would typically over and under 
predict values of strain and displacements. 
When comparing measured data and finite-element model predictions a 
percent difference was taken for the various load cases.  The percent difference was 
calculated by subtracting the ratio percent between measured data and finite-
element model data output from 100%.  The resultant percentage was the percent 
difference between the two results. 
Figure 51 shows a strain cross-section comparison of Bay 12 floor stringers 
while the red UBU truck drove down Load Path Y5.  The As-Built finite-element 
model over estimated the strains in Bay 12, Stringers 1 to 3 on an average are about 
19.5% different.  Strains were not always over predicted, for instance, when  
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Figure 51. As-Built Strain Cross-Section Comparison, Bay 12, Y5 
the truck was position in Bay 5 along Load Path Y1 the maximum strain was under 
predicted with a percent difference of about 9.1 (see Appendix C). 
Figure 52 shows a strain influence line for Stringer 2 of Bay 12 as the red 
UBU truck drove along Load Path Y5.  The maximum strain was over predicted with 
a percent difference of about 11.5, the first peak maximum strain was also over 
predicted with a percent difference of about 33%. 
 Figure 53 shows the strain influence line comparison between the measured 
values and the As-Built finite-element model for the bottom chord of panel 6 with 
the double truck loading (Y3Y5).  The As-Built model underestimated the maximum 
strain value of this particular truss member with a percent difference of about 
25.6% and becomes as much as 82% different. 
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Figure 52. As-Built Stringer 2 Strain Comparison, Bay 12, Y5 
 
Figure 53. As-Built North Panel 6 Bottom Chord Strain Comparison, Y3Y5 
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Figure 54 shows the displacement influence line comparison of the As-Built 
finite-element model against measured displacements of the north truss at Panel 
Point 12 as the red UBU truck drives down Load Path Y5.  The difference in 
maximum displacement between the two graphs was as much as 45% different 
when the truck was rolling across the mid span of the bridge. 
In order to validate the model, adjustments were made to some of the 
assumed property inputs to more accurately reflect the observed behavior.    The 
presence of the Jersey Barrier on the north side and the sidewalk/parapet on the 
south side provided a large amount of stiffness to the edge of the model.  It was also 
observed that the bridge behaved slightly different from Bays 1 to 6 and 19 to 24 in 
comparison to Bays 7 to 18.  The model was then treated as three sections with Bays  
 
Figure 54. As-Built Displacement Comparison of North Panel Point 12, Y5 
-1.20
-1.00
-0.80
-0.60
-0.40
-0.20
0.00
0.20
0.40
0 20 40 60 80 100 120
D
is
p
la
ce
m
e
n
t 
[c
e
n
ti
m
e
te
rs
]
Front Axle Location [meters]
Measured
As-Built
70 
 
1 to 6 and 19 to 24 being symmetrical.  In order to account for the edge stiffness 
between the three sections on both the north and south sides the Jersey Barrier and 
parapet height was varied from one section to the other with a difference no greater 
than 7.6 centimeters (3 inches). 
 It was also observed that the predicted model deck system behaved similar 
to a bridge with a very stiff bridge deck.  A couple of techniques were investigated to 
make the deck system more flexible in order to distribute loads in the same way as 
the measured strains.  Figure 26 showed the neutral axis on the north side of the 
bridge being measured lower than the south side of the bridge.  This was, in part, 
due to the extra stiffness provided by the sidewalk on the south side of the bridge.  
The sidewalk in the finite-element model also provided stiffness but made the deck 
system even stiffer on the south side than what was realistically being measured.  
The difference was assumed to be due to the actual bridges sidewalk not behaving 
fully composite with the bridge deck, whereas the finite-element model assumed 
both the deck and sidewalk to be completely composite through joint sharing. 
To account for the transverse stiffness across the deck system, the floor 
beam’s moment of inertia was modified.   The actual moment of inertia started on 
the north end of the floor beam and decreasing to a smaller moment of inertia on 
the south end of the floor beam.  The smaller defined moment of inertia on the south 
side of the bridge deck was in to account for the extra stiffness the sidewalk on the 
south side added to the model.   
Stringer strain influence lines from testing also showed that there was an 
amount of flexibility in the longitudinal direction.  This was shown by only having a 
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change in strain when the truck was only located in the gauges bay and returning to 
zero as soon as the truck exited the bay.  In order to account for the longitudinal 
flexibility, the concrete material properties were defined as being anisotropic, which 
allowed the material to be able to behave differently in each of the three local 
directions.  The Modulus of Elasticity in the longitudinal direction was defined as 
10% of the Modulus of Elasticity in the transverse and vertical directions.  
Rotational springs were also used in various locations on both the solid elements 
and the floor stringer to floor beam connections to increase the models accuracy. 
 As mentioned in Section 3.4.2 the truss members experienced some bending 
due to end conditions experiencing an amount of end fixity.  This end fixity in turn 
made the truss member stiffer axially than what would be experienced with just a 
pinned connection.  Results from the As-Built truss strains and deflections gave an 
indication that this joint condition needed to be accounted for.   This was done by 
increasing the end fixity of certain truss element ends.  By increasing the end fixity a 
moment was then induced in the frame element just as with the gusseted 
connection. 
 Also, because the riveted gusset connections were very large it was assumed 
that they reduced the effective length of the member.  Rather than make all the truss 
members shorter the cross-sectional area was slightly increased.  The increase of 
the cross-sectional area of the member also accounted for the extra stiffness added 
by the double lattice and/or cover plates, which were not able to be modeled 
otherwise. 
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Strain Comparisons 
 After calibration of the finite-element model, the finite-element predictions 
were very similar to the measured results for every load path with even more 
favorable results being produced from Load Path Y5.  The increase in accuracy for 
Load Path Y5  may be due to a couple of factors, one being the loss in accuracy as the 
model attempted to predict how the bridge behaved when loads were placed on the 
south side with the added sidewalk stiffness.  Another reason for higher accuracy 
along Load Path Y5 was the ability to position the red UBU truck closer to the edge 
on the north side of the bridge deck during testing.  This creating higher changes in 
strain that the model could more accurately predict.  With that being said, result 
comparisons and correlations made on the other load paths were very acceptable.  
Floor stringer strain comparisons 
 The initial comparison data used to calibrate the bridge model was the cross 
sectional floor stringer strains across the width of the bridge deck.  This comparison 
helped calibrate the transverse behavior in the deck system.  Each of the eight floor 
stringer sections in the finite-element model at various longitudinal locations down 
the length of the bridge was compared to the actual bridge’s measured stringer 
strains transversely across the deck.  Figure 55 shows a cross sectional strain 
comparison plot of the actual test and finite-element model for Bay 5 when the truck 
was positioned on Load Path Y5.  The maximum values for Stringers 1, 2, and 3 were 
all less than 2% of the actual recorded data.  Figure 56 shows the cross section 
strain comparison in the middle of Bay 12 when the truck was positioned on Load  
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Figure 55. Stringer Strain Cross Section Comparison, Bay 5, Load Path Y5 
 
Figure 56. Stringer Strain Cross Section Comparison, Bay 12, Load Path Y5 
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Path Y5.  Finite-element strains match measured strain much better than the As-
Built strain cross section at the same location shown in Figure 51.  Figure 57 shows 
the cross section strain comparison at the mid span of Bay 12 when the truck was 
positioned on Load Path Y1.  The maximum values for Stringers 6, 7, and 8 were less 
than 2.0% of the actual recorded data.   
 In order to calibrate the longitudinal behavior in the deck system, 
comparisons were made using the strain influence lines of various floor stringers.  
Figure 58 shows a comparison plot of Floor Stringer 2 in Bay 5 when the load was 
driven along Load Path Y5.  Figure 59 shows a similar comparison of Floor Stringer 
2 but in Bay 12 when the load was also driven along Load Path Y5.  In most cases, 
the maximum strain values were reasonably comparable on each influence line plot  
 
Figure 57. Stringer Strain Cross Section Comparison, Bay 12, Load Path Y1 
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along with the first peak strain values. Maximum differences between the measured 
and predicted strains for Stringer 2, Bay 5 and 12 are 1.3 and 0.1%, respectively.  
These strain comparisons illustrate that the model was accurately predicting the 
actual strains measured during field testing, see Appendix D for more stringer strain 
influence lines.   
 
Figure 58. Stringer 2 Strain Influence Line Comparison in Bay 5, Load Path Y5 
 
Figure 59. Stringer 2 Strain Influence Line Comparison in Bay 12, Load Path Y5 
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 Another check made to validate the finite-element model was how well all 
the measured and predicted strains of each load path correlated.  This correlation 
was evaluated by plotting the measured strain data versus finite-element strain data 
on separate axes.  A single data point was created by assigning the calculated strain 
at a particular load location from the finite-element model as an X value and 
assigning the measured strain at the same load location as the corresponding Y 
value.  After all the data points from a stringer strain influence line of both 
measured and predicted strains were correlated they were plotted with data points 
from other stringer strain influence lines in a defined load test.  After a load path’s 
measured strain versus finite-element strain plot was created a trend line was 
drawn through all load path data points.  A perfect correlation would theoretically 
consist of a trend line slope of 1.0 and an R2 value of 1.0.   
Figure 60 shows the measured versus finite-element strains using Stringers 
1, 2 and 3 strain influence line points for Load Path Y5.  Stringers 1, 2, and 3 strain 
influence lines for Load Path Y5 were used because they experienced the highest 
change in strain while Stringers 4 through 8 for Load Path Y5 essentially recorded 
no change in strain.  This plot shows a very close correlation between the measured 
and predicted strains with a slope of 0.99 and an R2 value of 0.99.  Data points from 
Load Paths Y1, Y2 and Y5 correlation plots were also complied into a combined 
correlation plot as shown in Figure 61.  By combining Load Paths Y1, Y2 and Y5, 
each floor stringer’s influence line data points were used.  This correlation plot 
provided an overall snapshot on how well the floor system behaved.  With a slope of 
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0.97 and an R2 value of 0.97 it was concluded that the predicted finite-element floor 
system behaved very similar to how it was measured during field testing. 
 
Figure 60. Floor Stringer Strain Correlation, Load Path Y5 
 
Figure 61. Floor Stringer Strain Correlation, Combined 
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Truss member strain comparisons 
 The same four gauge locations described in Section 3.4.2 are shown in the 
following figures for strain comparison between the measured and finite-element 
predicted values.  Figure 62 and Figure 63 show the comparison plots of the bottom 
and top chord in Panel 6 respectively.  Figure 64 shows a strain comparison plot of 
the upper portion of the main vertical at Panel Point 6, the strain comparison plot 
for the top chord member at Panel 12 is shown in Figure 65.  All four strain 
comparison figures are for Load Path Y3Y5. 
 Accuracy in predicting the measured strains in the instrumented truss 
members was more difficult and varied on average with a percent difference 
between 1 and 6% at maximum strains.  The maximum strain for the bottom chord 
of panel 6 had a percent difference of 6% while the top chord of panel 6 
 
Figure 62. Truss Strain Comparison, North Panel 6 Bottom Chord, Y3Y5 
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Figure 63. Truss Strain Comparison, North Panel 6 Top Chord, Y3Y5 
 
Figure 64. Truss Strain Comparison, North Upper Main Vertical, Y3Y5 
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Figure 65. Truss Strain Comparison, North Panel 12 Top Chord, Y3Y5 
had a percent difference of 1%.  The first maximum of panel 6 top chord did not 
have a very good prediction.  The upper portion of the main vertical had a percent 
difference of about 2% at the maximum strain location, while the top chord of panel 
12 also had a maximum strain percent difference of about 3.5%.  See Appendix E for 
more truss member strain influence lines.   
 Even though the percent difference between the finite-element model and 
the measured data varies, the model did a reasonable job predicting the overall 
behavior of the truss member strains.  To verify that the behavior of the truss 
members was being predicted by the finite-element model a graphical 
representation of measured strain data versus finite-element strain data was 
created.   For these plots, Load Paths Y1, Y5, and Y3Y5, were plotted separately and 
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a combination plot of all three load paths was also created.  Figure 66 shows the 
results for the measured versus finite-element data plot for Load Path Y5 using truss 
member strain data of six truss members from various locations on the bridge 
(north Panel 6 top and bottom chord, north Panel 9 bottom chord, upper portion of 
Main Vertical, north Panel 12 top chord, north Panel 3 top chord).  The slope of the 
trend line for Load Path Y5 was 1.01 with an R2 value of 0.96.  Figure 67 shows the 
combined plot of all three load paths and truss members; it had a trend line slope of 
1.01 with an R2 value of 0.96. These correlation plots show that there was a good 
correlation between the measured and finite-element data.   
 
Figure 66. Truss Member Strain Correlation, Load Path Y5 
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Figure 67. Truss Member Strain Correlation, Combined 
Displacement Comparisons 
 Displacement influence lines created from various panel points on the truss 
were used in the same way that the strain influence lines were used to calibrate the 
finite-element model.  After analyzing the model under the As-Built assumption that 
the joints were all pinned connections with no degree of moment fixity at the ends, 
it was found that the displacements of the truss was larger in comparison to the 
measured displacement data (see Figure 54).  However, after the cross-sectional 
area of the truss members was modified the predicted displacements from the 
model became closer to the measured displacement data.  
 As mentioned in Section 3.5 it was observed that there was nearly an equal 
amount of displacement in both trusses when the truck load was positioned in the 
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center of the bridge’s deck width, the finite-element model also accurately predicted 
this behavior.  Figure 68 shows the comparison of the displacement influence line 
for the north truss at Panel Point 12 with the truck positioned on Load Path Y2.  This 
plot shows a percent difference at the maximum downward displacement within 
4%.  Figure 69 shows the same type of graph but for the south truss at Panel Point 
12.  There is a 3% difference at the maximum downward displacement on the south 
truss at mid span. 
Also mentioned in Section 3.5, when a truck was driven along one of the 
extreme sides of the bridge deck such as Y1 or Y5, the truss nearest the load 
experienced more displacement than the truss further away.  This was also the case  
 
 
Figure 68. Displacement Comparison of North Panel Point 12, Load Path Y2 
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Figure 69. Displacement Comparison of South Panel Point 12, Load Path Y2 
with the finite-element model behavior.  The truss nearest the load had slightly 
higher displacement as compared to the further truss experiencing less 
displacement.  Figure 70 shows a displacement influence line for Panel Point 12 on 
the north truss when the truck was driven down Load Path Y5.  The influence line 
for the measured and finite-element displacement compare very well, the maximum 
downward displacement had a percent difference of 3%.  Figure 71 shows the 
displacement influence line comparison when the truck was driven along Load Path 
Y5 for Panel Point 12 on the south truss.  There was a 5% difference between 
maximum values for the south truss. 
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Figure 70. Displacement Comparison of North Panel Point 12, Load Path Y5 
 
Figure 71. Displacement Comparison of South Panel Point 12, Load Path Y5 
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 The model was also able to fairly predict the movement of the truss on the 
other side of the main vertical from mid span accurately.  Figure 72 shows a 
displacement influence line of Panel Point 3 with the truck on Load Path Y5.  The 
maximum downward displacements had a percent difference of 4%.  See Appendix 
F for more displacement influence lines.   
 As with the strain results, a measured versus finite-element displacement 
correlation plot was created using data points from displacement influence lines 
from four displacement transducer location on the north truss (Panel Points 3, 4, 9, 
and 12) and one displacement transducer location on the south truss (Panel Point 
12).  Load Paths Y1, Y2 and Y5 for all five displacement transducer locations were 
plotted in order to correlate their results individually.  In addition a combination 
plot of all three load paths was also created.  A very good correlation was observed  
 
Figure 72. Displacement Comparison of North Panel Point 3, Load Path Y5 
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between all displacement correlation plots.  Figure 73 shows a correlation plot using 
displacement data from Load Path Y5.  The correlation for Load Path Y5 had a trend 
line slope of 1.03 and an R2 value of 0.98.  Figure 74 shows the correlation plot of all 
combined load paths.  This correlation has a trend line slope of 1.03 and an R2 value 
of 0.96.  These values suggest that the model predicted the displacements in the 
truss very accurately. 
 
Figure 73. Displacement Correlation, Load Path Y5 
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Figure 74. Displacement Correlation, Combined 
Load Distribution Factor 
 When a load is applied to a multiple girder system bridge, the load is 
supported by more girders than the girder directly under the load location.  The 
distribution of the load is accomplished through the stiffness of the deck and various 
bridge properties.  Because of this load transfer, a reduction in the amount of load 
that a single loaded girder experiences can be reduced by applying a distribution 
factor.  Applying a distribution factor was applicable in the case for the Kettle River 
Bridge because the concrete deck was supported by eight floor stringers 
transversely across the bridge deck.  The concrete deck’s longitudinal and 
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transverse stiffness acted as the means by which a live load was transferred to 
adjacent floor stringers.   
AASHTO live load distribution factors 
 The American Association of State Highway and Transportation Officials 
(AASHTO) LRFD Bridge Design Specifications (AASHTO 2010) uses a defined 
analysis method to calculate the distribution factor for multi-girder bridges.  The 
distribution of live loads for moment is found by evaluating the moments for an 
interior and exterior girder created by a defined AASHTO HS20-44 design truck, see 
Figure 75.  If the roadway width allows for more than one lane of traffic the 
distribution factor for two or more design lanes being loaded must also be 
considered.   
The AASHTO design truck consists of three axles spaced 4.3 meters (14 feet) 
apart, with the driver’s side wheel to passenger’s side wheel being spaced at 1.8 
 
Figure 75. AASHTO HS20-44 Design Truck 
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meters (6 feet).  The load on each of the two rear axles is 142 Kilonewtons (32 Kips) 
making the four rear wheel loads each 71 Kilonewtons (16 Kips).  The front axle of 
the design truck has a load of 36 Kilonewtons (8 Kips) making each of the front 
wheels load 18 Kilonewtons (4 Kips).  
For a cast-in-place concrete slab supported by a steel beam system, the 
calculated distribution factor of live load from the AAHSTO LRFD specification per 
lane for moment for an interior girder is given in the following equations.  Equation 
1 is the distribution factor for one design lane loaded: 
  DFMs,i0.06  S14
0.4
SL
0.3
 Kg12.0Lts3
0.1
  (1) 
Equation 2 is the distribution factor for two or more design lanes loaded: 
 DFMm,i0.06  S9.5
0.6
SL
0.2
 Kg12.0Lts3
0.1
 (2) 
where: 
 DFMs,i = Distribution Factor for a single design lane loaded, interior girder 
 DFMm,i = Distribution Factor for multiple design lanes loaded, interior girder 
 S = Spacing of beams or webs [ft] 
 L = Span of beam [ft] 
 ts = Depth of concrete slab [ft] 
 Kg = Longitudinal stiffness parameter, Equation 3 
 KgnIAeg2 (3) 
In which: 
  n= EBED  (4) 
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where:  
 EB = Modulus of elasticity of beam material [ksi] 
 ED = Modulus of elasticity of deck material [ksi] 
 I = Moment of inertia of the beam [ft4] 
 A = Gross Cross Section Area [ft2] 
 eg = Distance between the centers of gravity of the beam and deck [ft] 
 The Kettle River Bridge dimension parameters used to calculate the 
distribution factors are as follows: 
 S = 4.75 ft  L = 16.67 ft ts = 0.58 ft 
 EB = 29,000 ksi ED = 3,600 ksi  I = 0.025 ft4 
 A = 2.85 ft2  eg = 0.96 ft  de = 1.75 ft 
In order to evaluate the moment distribution factor for the exterior girders 
with one design lane loaded, the lever rule is to be applied.  The lever rule assumes 
that a hinge is placed at the first interior girder.  The truck load is applied and 
moments are then summed about the hinge.  The moments that are summed about 
the hinge are a result of the loads from the AASHTO design truck positioned 0.6 
meters (2 feet) from the inside face of the Jersey Barrier and the unknown reaction 
force from the exterior girder.  Due to the spacing between floor stringers and the 
distance from the exterior girder to the inside face of the Jersey Barrier (de) only one 
wheel of the design truck was located between the Jersey barrier and the first 
interior floor stringer, see Figure 76 for the lever rule free body diagram. 
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Figure 76. Lever Rule Free Body Diagram 
 After summing moments about the hinge location, the reaction force R1 can 
be obtained using Equation 5. 
 R#= P(S+de-22S   (5) 
The fraction of the truck load (P) that is carried by the exterior girder calculated 
using Equation 5 is then multiplied by a multiple presence factor of 1.2 for the single 
lane load case.  Therefore, the equation used to calculate the distribution factor for 
the exterior girder with one design lane loaded (DFMs,e) is shown in Equation 6. 
  DFMs,e= 1.2(S+de-22S   (6)  
 The distribution factor for moment for the exterior girder with two design 
lanes loaded is calculated by multiplying the distribution factor calculated for the 
interior girder with two design lanes loaded (DFMm,i)  by an exterior girder 
correction factor (e), see Equation 7.  See Figure 76 for de. 
 e=0.77+ de
9.1
 (7) 
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Equation 8 is the distribution factor for the exterior girder with two design 
lanes (DFMm,e).   
 DFMm,e=e(DFMm,i) (8) 
 By using the dimensions from the Kettle River Bridge deck and floor 
stringers with their respective properties, the distribution factors for all four of the 
previously mentioned conditions were calculated.  Table 1 shows the results for all 
four distribution factors using the above equations. 
Table 1. AASHTO Distribution Factors 
Distribution Factor AASHTO Value 
DFMs,i 0.48 
DFMm,i 0.56 
DFMs,e 0.57 
DFMm,e 0.54 
Finite-element model distribution factors 
 After the finite-element model was fully validated and was found to be able 
to accurately predict similar strain and displacement values as those measured 
during testing, the distribution factors for the bridge’s floor stringers were found.  
Because the floor stringers were all the same length, same size and connected 
similarly from one bay to the next it was initially assumed that each bay would 
result in the same maximum distribution factor.   
In order to confirm this assumption, the lateral location on the bridge deck at 
which an AASHTO HS20-44 truck loading resulted in the greatest moment on a 
stringer was obtained by systematically moving the truck across the width of the 
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bridge.  It was found that the greatest moment in any stringer was created when the 
truck was located 0.6 meters (2 feet) from the north Jersey Barrier.  Due to the 
distance between axles of the AASHTO truck only one axle centered in the middle of 
the bay would create the greatest moment with the front and rear axles extending 
into the adjacent bays.  If one simply supported girder was able to resist the entire 
AASHTO truck center axle load positioned in the center of a bay it would result in a 
floor stringer moment of 181 KN-m (133 K-ft).   
  The AASHTO design truck was then placed with its center axle at the center 
of each bay from Bay 1 to Bay 12 of the bridge with the front and rear axles 
extending into the adjacent bays.  The maximum moment experienced by Floor 
Stringer 1 and Stringer 2 were then plotted for each bay, see Figure 77.  The finite-
element results show that the initial assumption that every bay will produce the 
same maximum moment was incorrect.   
 
Figure 77. Stringer 1 Maximum Stringer Moment 
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Bay 1 had the greatest floor stringer moment when compared to any of the 
other bays along the length of the bridge.  This is partially due to the inability to fit 
the whole design truck on the bridge due to axle spacing.  The truck was placed with 
the front axle placed on the abutment while the rear and middle axle were placed on 
the bridge deck, with the middle axle centered in Bay 1.  When an axle was placed in 
a bay adjacent to the measured bay, the moment created in the adjacent bay 
decreased the moment in the measured bay due to continuity effects.  Since Bay 1 
only had one adjacent bay with an axle load not as much moment decrease was 
predicted, thus creating a higher moment.   
It was also interesting to note how the moments decrease in Bay 3 which was 
located just west of the 10.2 centimeter (4 inch) pin connecting the cantilevered 
truss to the suspended truss.  The moments also experienced a greater decrease in 
both bays either side of the main vertical (Bays 6 and 7).  The decrease in moment is 
a result of rotational solid surface springs placed in the model during calibration to 
more accurately match the measured floor stringer strain influence lines.  Due to the 
difference in maximum moments, Bay 1 was used to obtain the controlling 
distribution factors for the floor stringers.   
 The AASHTO truck was placed 0.6 meters (2 feet) from the inside face of the 
Jersey Barrier within the finite-element model and then placed in multiple locations 
transversely across the width of the roadway until it was 0.6 meters (2 feet) from 
the edge of the sidewalk.  Because the roadway width of the Kettle River Bridge was 
9.8 meters (32 feet) two 3.7 meters (12 feet) design lanes were also evaluated.    
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Stringer moments were calculated using the various transverse AASHTO 
truck locations for each individual stringer.  All finite-element moment data from 
the various AASHTO truck locations was evaluated in order to determine which 
interior and exterior stringer experienced the greatest load due to a single truck 
load and a double truck load.  All moments for the single truck load case were 
multiplied by a multiple presence factor of 1.2.  Results showed that the largest 
exterior stringer moments were created in Floor Stringer 1 for both the single and 
double truck load, and that the largest interior stringer moments were produced in 
Floor Stringer 6 for both the single and double truck load. 
Maximum moments produced from the single and double truck loading for 
both the interior and exterior stringers were divided by the moment that would 
have been created had the entire load been supported by one simply supported 
stringer.  The resultant value is the portion of the load that the stringer experienced 
or the distribution factor.  Table 2 shows the distribution factors calculated using 
the finite-element model as compared to those calculated using the AASHTO design 
equations. 
The controlling distribution factor for the interior floor stringer using the 
AASHTO approach was 0.56 with the double truck loading. For exterior girder with 
a single truck load distribution factor using the AAHSTO approach controlled with a 
value of 0.57.  When comparing the values created from the finite-element model 
with those calculated using the AASHTO design equations it can be seen that the 
AASHTO design equations are more conservative than those calculated using the 
validated bridge model.  The FEM controlling distribution factor for the interior  
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Table 2. AASHTO and FEM Distribution Factor Comparison 
Distribution Factor AASHTO Value FEM Value 
DFMs,i 0.48 0.39 
DFMm,i 0.56 0.39 
DFMs,e 0.57                                                                                                                           0.49
DFMm,e 0.54 0.39 
girder was calculated as 0.39, making the AASHTO design equations approximately 
44% more conservative than the finite-element model.  The FEM controlling 
distribution factor for the exterior girder was calculated as 0.49, making the 
AAHSTO design equations approximately 17% more conservative. 
Load Rating 
A load rating defines the amount of load that a bridge structure can support 
safely.  The load capacity found for this paper was for the deck system and was 
found by evaluating two different load ratings.   One load rating is classified as an 
inventory load rating.  The inventory load rating is a factor that specifies how much 
load can be safely applied to the bridge for an indefinite length of time.  The second 
load rating is an operating load rating.   The operating load rating is a factor that 
specifies how much maximum permissible load that the bridge can safely be 
subjected to.  The load factors are multiplied by the bending moment caused by a 
HS20-44 design truck in order to determine the corresponding loads that the bridge 
can safely carry for either of the load ratings.  
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Equation 9 shows the AASHTO LFD approach based on flexure to calculate 
both the inventory and operation load ratings. 
 RF= *+,-./-01#23 (9) 
where: 
 RF = Bridge load rating factor (either operating or inventory) 
 RN = Nominal member capacity (based on flexural strength)  
 γD  Dead load factor 
       1.3 
 D  Nominal dead load effect non-composite and composite dead load 
 γL  Live load factor 
       1.3 operating load rating and 2.17 inventory load rating 
 L  nominal live load effect caused by half of a HS20-44 or 9.3 N/mm 0.64 klf  
          lane loading and 80 kN 18 kip point load 
 I  Live load impact factor 
     15.24/L38 where L is equal to the span length 5.1 m 
     0.353 < 0.3; use 0.3 
 Because the load ratings being calculated use the AASHTO LFD approach, the 
distribution factor using the LFD approach is needed to be applied to the nominal 
live load effect L.  The LFD distribution factor for a concrete slab on steel girder 
system, using the LFD approach is shown in Equation 10. 
 DFMLFD S5.5 10 
where: 
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 DFMLFD  Distribution Factor, AASHTO LFD approach 
 S  Spacing [ft] 
 The distribution factor using the LFD approach was found to be 0.86.   After 
the load ratings for the deck system were calculated using AASHTO LFD equation 
they were compared to the load rating calculating using the AASHTO LRFR 
approach.  The AAHSHO LRFR uses the same load rating equation found in Equation 
9 but uses different multipliers.  
 where: 
 γD  Dead load factor 
       1.25 
 γL  Live load factor 
       1.35 operating load rating and 1.75 inventory load rating 
 I  Live load impact factor 
     0.33 
 The distribution factor used to calculate the AASHTO LRFR load ratings was the 
controlling distribution factor calculated in Section 4.4.1, which was 0.57, see Table 
1.  Along with comparing the load ratings calculated using the AASHTO LFD and 
LRFR approach the AASHTO LRFR load ratings was also calculated using the 
distribution factor calculated from the finite-element model.  The distribution factor 
found using the finite-element model was 0.49. 
Table 3 shows the comparison of calculated values for the AAHSTO LFD, 
LRFR and LRFR using the FEM.  The inventory and operating load ratings using the 
AASHTO LFD approach were 1.75 and 2.92, respectively.  The inventory and 
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operating load ratings using the AASHTO LRFR approach were 1.73 and 2.25 
respectively.  And the load ratings calculated from the FEM results were 2.03 and 
2.64, respectively. 
 The values found in Table 3 show that the inventory load rating from the old 
AASHTO LFD specifications is approximately the same as the new AASHTO LRFR 
specifications.  Both inventory ratings are conservative when compared to the load 
ratings calculated using the distribution factors found using the finite-element 
model.  However, the operating rating from the old AASHTO LFD specifications is 
less conservative when compared to both the LRFR and finite-element approach.  
The new LRFR approach is still conservative when compared to the load rating 
produced from the finite-element model. 
Table 3. AAHSTO LFD, LRFR, and FEM Load Rating Comparison 
Load Rating 
AASHTO 
LFD 
AASHTO 
LRFR 
AASHTO 
LRFR (FEM) 
Inventory 1.75 1.73 2.03 
Operating 2.92 2.25 2.64 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
Summary 
 The Long-Term Bridge Performance (LTBP) program is an organization 
within the Federal Highway Administration that inspects, tests, analyses and 
observes for an extended period of time a variety of bridge types throughout the 
United States.  As a part of the LTBP program the Kettle River Bridge located outside 
of Sandstone, Minnesota was selected for study due to its unique design.  The Kettle 
River Bridge is a steel cantilevered deck arched Pratt truss bridge. 
 Many studies have done using live load tests on bridge structures, while 
other studies have created finite-element models to predict bridge behavior and 
determine distribution factors and load ratings.  This study is the first to compose a 
live load test on a deck arched truss bridge and create a calibrated finite-element 
model which accurately predicts the bridges behavior. 
 The bridge was instrumented with 151 strain gauges on various floor and 
truss members and 8 displacement gauges were strategically placed at panel points 
on the truss.  All gauges were read simultaneously as a truck weighing 272.9 
Kilonewtons (61,340 pound) drove the length of the bridge along different 
transverse load paths.  A double truck combination was also tested with a 275.7 
Kilonewtons (61,980 pound) truck along with a single truck high speed test. 
 After all measured data was recorded and correlated to the appropriate 
bridge members an analysis of how different bridge members behaved was 
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conducted.  The dynamic effects that were caused by the high speed truck load were 
also examined and quantified.  The analysis of bridge members aided in the creation 
of a finite-element model.  The model was rigorously calibrated until it gave 
accurate predictions in bridge behavior. 
 After a working model was verified the distribution factors and load ratings 
for the bridge were determined.  These distribution factors and load ratings were 
then compared to the AASHTO specifications.  The final result showed that the 
AASHTO LRFD and LRFR equations were conservative in every respect. 
Conclusions 
 Throughout the testing, analysis and modeling of the Kettle River Bridge 
many conclusions were drawn: 
1. The large gusset plate connections at the end of each truss members behaved 
somewhere between a fixed and pinned end condition.  This was concluded 
because of the large amount of in-plane bending that was seen in the 
instrumented truss members.  Very little out of plane bending was observed 
in the truss members. 
2. The theoretical false member acting as the bottom chord of panel 3 did 
contribute a small amount to the truss system.  Small amounts of strain were 
measured in the false member and showed possible signs of slippage 
between the bolt and slotted connection. 
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3. Dynamic loading had little effect on the floor stringers as a high speed truck 
was driven across the bridge.  However, truss strains and displacement saw 
an average increase in magnitude of about 11%. 
4. The distribution factors found using the finite-element model were lower 
than those calculated using the AASHTO LRFD specifications.  The lower 
distribution factors showed that the AASHTO LRFD factors were 
conservative by 17 to 44%. 
5. The inventory load ratings found using the old AASHTO LFD specifications 
were approximately the same as the inventory load rating using the new 
AASHTO LRFR specifications.    However, the operating load ratings using the 
AASHTO LFD approach was less conservative when compared to the 
AASHTO LRFR approach. 
6. The inventory and operating load ratings found using the AASHTO LRFR 
distribution factor were more conservative than the load ratings found using 
the distribution factor calculated using the finite-element model.  The 
operating load rating using the AASHTO LFD approach was even still less 
conservative than the operating load ratings found using the finite-element 
model. 
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Figure 78. Truss System Members Sizes 
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Figure 79. Floor System Member Sizes 
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Figure 80. As-Built Strain Cross-Section Comparison, Bay 5, Y1 
 
Figure 81. As-Built Strain Cross-Section Comparison, Bay 12, Y2 
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Figure 82.  As-Built Cross Section Comparison, Bay 12, Y5 
 
Figure 83. As-Built Stringer 2 Strain Comparison, Bay 12, Y5 
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Figure 84. As-Built North Panel 6 Bottom Chord Strain Comparison, Y3Y5 
 
Figure 85. As-Built Displacement Comparison of North Panel Point 12, Y5 
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Floor Stringer Cross Section Comparisons 
 
Figure 86. Stringer Strain Cross Section Comparison, Bay 5, Load Path Y1 
 
Figure 87. Stringer Strain Cross Section Comparison, Bay 5, Load Path Y2 
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Figure 88. Stringer Strain Cross Section Comparison, Bay 12, Load Path Y2 
 
Figure 89. Stringer Strain Cross Section Comparison, Bay 5, Load Path Y3Y5 
-40
-20
0
20
40
60
80
100
120
140
160
180
1 2 3 4 5 6 7 8
M
ic
ro
 S
tr
a
in
Floor Stringer
Measured
FEM
-20
0
20
40
60
80
100
120
140
160
1 2 3 4 5 6 7 8
M
ic
ro
 S
tr
a
in
Floor Stringer
Measured
FEM
127 
 
 
Figure 90. Stringer Strain Cross Section Comparison, Bay 12, Load Path Y3Y5 
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Floor Stringer Influence Line Comparisons 
 
Figure 91. Stringer 8 Strain Influence Line Comparison, Bay 5, Load Path Y1 
 
Figure 92. Stringer 7 Strain Influence Line Comparison, Bay 5, Load Path Y1 
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Figure 93. Stringer 6 Strain Influence Line Comparison, Bay 5, Load Path Y1 
 
Figure 94. Stringer 5 Strain influence Line comparison, Bay 5, Load Path Y2 
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Figure 95. Stringer 4 Strain Influence Line Comparison, Bay 5, Load Path Y2 
 
Figure 96. Stringer 3 Strain Influence Line Comparison, Bay 5, Load Path Y5 
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Figure 97. Stringer 1 Strain Influence Line Comparison, Bay 5, Load Path Y5 
 
Figure 98. Stringer 2 Strain Influence Line Comparison, Bay 5, Load Path Y3Y5 
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Figure 99. Stringer 3 Strain Influence Line Comparison, Bay 5, Load Path Y3Y5 
 
Figure 100. Stringer 4 Strain Influence Line Comparison, Bay 5, Load Path Y3Y5 
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Figure 101. Stringer 8 Strain Influence Line Comparison, Bay 12, Load Path Y1 
 
Figure 102. Stringer 7 Strain Influence Line Comparison, Bay 12, Load Path Y1 
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Figure 103. Stringer 6 Strain Influence Line Comparison, Bay 12, Load Path Y1 
 
Figure 104. Stringer 5 Strain Influence Line Comparison, Bay 12, Load Path Y2 
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Figure 105. Stringer 4 Strain Influence Line Comparison, Bay 12, Load Path Y2 
 
Figure 106. Stringer 3 Strain Influence Line Comparison, Bay 12, Load Path Y5 
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Figure 107. Stringer 1 Strain Influence Line Comparison, Bay 12, Load Path Y5 
 
Figure 108. Stringer 2 Strain Influence Line Comparison, Bay 12, Y3Y5 
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Figure 109. Stringer 3 Strain Influence Line Comparison, Bay 12, Y3Y5 
 
Figure 110. Stringer 4 Strain Influence Line Comparison, Bay 12, Y3Y5 
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Floor Beam Strain Influence Line 
 
Figure 111. Floor Beam Strain Influence Line, Panel Point 4, Load Path Y2 
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Floor Stringer Correlations 
 
Figure 112. Floor Stringer Strain Correlation, Load Path Y1 
 
Figure 113. Floor Stringer Strain Correlation, Load Path Y2 
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APPENDIX E 
Truss Member Strain
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Truss Member Strain Influence Lines 
 
Figure 114. Truss Strain Comparison, South Panel 6 Bottom Chord, Y1 
 
Figure 115. Truss Strain Comparison, South Panel 6 Top Chord, Y1 
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Figure 116. Truss Strain Comparison, South Panel 12 Top Chord, Y1 
 
Figure 117. Truss Strain Comparison, South Panel 4 Top Chord, Y1 
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Figure 118. Truss Strain Comparison, North Panel 6 Bottom Chord, Y5 
 
Figure 119. Truss Strain Comparison, North Panel 6 Top Chord, Y5 
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Figure 120. Truss Strain Comparison, North Panel 9 Bottom Chord, Y5 
 
Figure 121. Truss Strain Comparison, North Panel 12 Top Chord, Y5 
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Figure 122. Truss Strain Comparison, North Panel 3 Top Chord, Y5 
 
Figure 123. Truss Strain Comparison, North Panel 4 Top Chord, Y5 
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Figure 124. Truss Strain Comparison, North Upper Main Vertical, Y5 
 
Figure 125. Truss Strain Comparison, North Panel 9 Top Chord, Y3Y5 
-40
-35
-30
-25
-20
-15
-10
-5
0
5
0 20 40 60 80 100 120
M
ic
ro
 S
tr
a
in
Front Axle Location [meters]
Measured
FEM
-70
-60
-50
-40
-30
-20
-10
0
10
20
0 50 100 150 200 250 300 350 400
M
ic
ro
 S
tr
a
in
Front Axle Location [feet]
Measured
FEM
147 
 
 
Figure 126. Truss Strain Comparison, North Panel 3 Top Chord, Y3Y5 
 
Figure 127. Truss Strain Comparison, North Panel 4 Top Chord, Y3Y5 
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Truss Member Strain Correlations 
 
Figure 128. Truss Member Strain Correlation, Load Path Y1 
 
Figure 129. Truss Member Strain Correlation, Load Path Y3Y5 
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Truss Member Bending Strains 
 
Figure 130. Bending Strain in Panel 7 Truss Top Chord, Load Path Y3Y5 
 
Figure 131. Bending Strain in Panel 8 Truss Top Chord, Load Path Y3Y5 
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Figure 132. Bending Strain in Panel 7 Bottom Chord, Load Path Y3Y5 
 
Figure 133. Bending Strain in Panel 8 Bottom Chord, Load Path Y3Y5 
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Figure 134. Bending Strain in Panel 7 Diagonal Web, Load Path Y3Y5 
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APPENDIX F 
Displacements  
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Displacement Influence Lines 
 
Figure 135. Displacement Comparison of North Panel Point 12, Load Path Y1 
 
Figure 136. Displacement Comparison of South Panel Point 12, Load Path Y1 
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Figure 137. Displacement Comparison of North Panel Point 9, Load Path Y1 
 
Figure 138. Displacement Comparison of North panel Point 3, Load Path Y1 
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Figure 139. Displacement Comparison of North Panel Point 4, Load Path Y1 
 
Figure 140. Displacement Comparison of North Panel Point 9, Load Path Y2 
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Figure 141. Displacement Comparison of North Panel Point 3, Load Path Y2 
 
Figure 142. Displacement Comparison of North Panel Point 4, Load Path Y2 
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Figure 143. Displacement Comparison of North Panel Point 9, Load Path Y5 
 
Figure 144. Displacement Comparison of North Panel Point 4, Load Path Y5 
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Figure 145. Displacement Comparison of North Panel Point 12, Y3Y5 
 
Figure 146. Displacement Comparison of South Panel Point 12, Y3Y5 
-1.20
-1.00
-0.80
-0.60
-0.40
-0.20
0.00
0.20
0.40
0 20 40 60 80 100 120
D
is
p
la
ce
m
e
n
t 
[c
e
n
ti
m
e
te
rs
]
Front Axle Location [meters]
Measured
FEM
-0.80
-0.60
-0.40
-0.20
0.00
0.20
0.40
0 20 40 60 80 100 120
D
is
p
la
ce
m
e
n
t 
[c
e
n
ti
m
e
te
rs
]
Front Axle Location [meters]
Measured
FEM
159 
 
 
Figure 147. Displacement Comparison of North Panel Point 9, Y3Y5 
 
Figure 148. Displacement Comparison of North Panel Point 3, Y3Y5 
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Figure 149. Displacement Comparison of North Panel Point 4, Y3Y5 
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Displacement Correlations 
 
Figure 150. Displacement Correlation, Load Path Y1 
 
Figure 151. Displacement Correlation, Load Path Y2  
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APPENDIX G 
High Speed Dynamic Results  
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Figure 152. Dynamic Strain Comparison of Stringer 4, Bay 5 
 
 
Figure 153. Dynamic Strain Comparison of Stringer 4, Bay 12 
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Figure 154. Dynamic Displacement Comparison of Stringer 3, Bay 5 
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